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Inorganic membranes have a potential application in various applications such as 
water purification and desalination. In this work, the synthesis of polystyrene based 
inorganic membranes with sol-gel method and the effect of various monovalent 
electrolytes on their electrochemical properties have been studied. The fixed charge 
density, which is a very important membrane parameter, has been determined by difTerent 
methods suggested by Kobatake et. al., Nagasawa et. al., etc. and these values have been 
compared. Other important membrane parameters such as counter-ion transport number, 
permselectivity, mobility ratio, etc. from the membrane potential values have also been 
discussed. 
The thesis has been divided into four chapters and a conclusion. The first chapter 
contains a general introduction regarding membranes, their types, preparations, pi"operties 
and applications. Chapter 2 deals with the synthesis of polystyrene supported calcium 
tungstate membrane and study of its physicochemical and transport properties. Extensive 
characterization of the synthesized membrane has also been included. 
Chapter 3 outlines the study of newly synthesized cadmium tungstate 
nanocomposite membrane and influence of various monovalent electrolytes on its 
electrochemical studies. And in Chapter 4, a comparative study of two nickel menbranes 
namely, nickel tungstate and nickel carbonate membranes, has been discussec on the 
basis of effective fixed charge density, transport numbers, etc. 
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GENERAL INTRODUCTION 
1. Introduction 
Membranes and membrane processes are not a recent invention as they are part of 
our daily life and exist as long as life exists. However, the preparation of synthetic 
membranes and their employment on a large industrial scale are more recent development 
which has rapidly gained a substantial importance due to the large number of practical 
purposes. The need to accomplish a knowledge-intensive industrial growth is well 
recognized nowadays. This will permit the switch from an industrial system based on 
quantity to the one which is based on quality. Human capital is increasingly becoming the 
driving force behind this socio-economic transformation. The challenge of sustainable 
growth relies on the use of advanced technologies. Membrane technologies are, in many 
fields and aspects, already recognised as amongst the best available technologies which 
are able to contribute to this process and thus membranes have gained a central position 
in chemical technology. 
The most important part in any membrane separation process is the membrane 
itself It is difficult to give a precise definition of the word "membrane" because it will be 
simply incomplete to cover all the aspects of membrane behavior. According to Sollner 
lh2], 
"/4 membrane is a phase or structure interposed between two phases or 
compartments, which obstructs or completely prevents gross movement between the 
latter, but permits the passage of one or several species of particles from the one to 
the other or between the two adjacent phases or compartments and thereby, acting as 
a physicochemical machine^'. 
A simple definition had been given by Lakshminarayanaiah [3] by describing the 
term "membrane" as a phase, usually heterogeneous, acting as a barrier to the flow of 
molecular or ionic species present in the liquid and/or vapour contacting the two 
surfaces. The term 'heterogeneous' has been used to indicate the internal physical 
structure and external physicochemical performance [4, 5]. According to Lonsdale's point 
of view [6], a membrane is not just an object that obstructs but its definition must embody 
its fiinction. A membrane is a thin made of materials that provide an unequal resistance to 
the transport of different molecules. The molecules are driven across the membrane by 
forces arising from imposed chemical or electrochemical potential gradient. Such 
potential gradients may be induced within the film by inserting the membrane between 
two media differing in composition, temperature, pressure and electrical potential. 
Membranes are a part and parcel of biological systems and are believed to be involved in 
2 
innumerable fundamental life processes like protein synthesis, ion accumulation, energy 
transduction, conduction of nerve impulses, immunological reactions, etc. which are 
important for sustaining life on this planet. 
The thin membrane interface that moderates the permeation of chemical species in 
contact with it may be molecularly homogeneous, that is, completely uniform in 
composition and structure, or it may be chemically or physically heterogeneous, for 
example, containing holes or pores of finite dimensions or consisting of some form of 
layered structure. A normal filter meets this definition of a membrane, but, by convention, 
the term filter is usually limited to structures that separate particulate suspensions larger 
than 1 to 10 ^ im. 
Membrane processes have been successfully applied to many existmg and 
emerging applications such as water treatment [7-9], environmental science [8, 10], 
biotechnological science [11], chemical engineering [7], petroleum industries [12], 
pharmaceuticals and dairy/beverage/food industries [13], pulp/paper manufactures, 
metallurgical, electronic and textile industries [9]. 
The materials for various applications of membrane can be either organic 
polymers or inorganic ceramics. Organic polymer membranes dominate the water 
desalination market because of their relatively simple synthesis methods and satisfactory 
performance. However, new inorganic membranes have been attracting more and more 
attention due to many of their merits [14]. The volume of research and progress of 
inorganic membranes has grown significantly in recent years and a large variety of new 
informations, development directions and potential applications have emerged with the 
passage of time and advancement of technology. The literature on the subject, both 
theorical and experimental, has reached impressive proportions. Chemists and chemical 
engineers would like to understand the mechanism of transport phenomena in inorganic 
precipited membrane and with the knowledge gained, they would be able to fabricate 
membranes of desired properties [15]. Biologists, on the other hand, would like to use 
them as simple models for the physiological membranes in order to understand the 
behavior of complex cell membranes in terms of established physical and chemical 
properties [16]. However, pharmacologists use the knowledge to understand the 
controlled delivery of drugs to their respective targets in the human body [17]. The recent 
progress of the physicochemical aspect of membrane is entirely due to the applications of 
thermodynamics [18,19}. 
The key property that is exploited is the ability of a membrane to control the 
permeation rate of a chemical species through it. In controlled drug delivery, the goal is to 
3 
moderate the permeation rate of a drug from a reservoir to the body. In separation 
applications, the goal is to allow one component of a mixture to permeate the membrane 
freely, while hindering permeation of other components. Their chemical/thermal stability 
and mechanical strength enable inorganic membranes to work in harsh/dirty environments 
and under a wider pressure/pressure/pH range. Cleaning and regeneration is possible and 
hence a longer membrane life time can be obtained. Resistance to organic solute and 
microbial attack reduces the fouling problems associated with traditional organic 
membranes [20]. The inorganic membranes are also believed to have a desirable porosity 
and permeability as compared to their organic counterparts. 
However, composite membranes prepared from inorganic and organic 
components are getting increasingly important owing to their noteworthy properties 
within a single molecular composite, which arise from the synergy between the properties 
of both the components [21]. These hybrid membranes are characterised by the presence 
of a certain amount of organic polymer within an inorganic solid that serves as the matrix 
component. Unlike pure organic polymers or inorganic materials, the comparatively 
optimum thermal, mechanical, electrical and magnetic stabilities of these hybrids have 
made them advantageous for useful environmental applications as well as in many 
industries such as food, pharmaceutical, electronics, etc. [22-26]. 
Applications of membranes for domestic and industrial purposes has been 
occurring since historical times but the primary significant application of membranes was 
started at the end of Second World War in the testing of drinking water. Drinking water 
supplies serving large communities in Germany and elsewhere in Europe had broken 
down, and filters to test for water safety were needed urgently. The research effort to 
develop these filters, sponsored by the US Army, was later utilised by the Millipore 
Corporation, the first and still the largest US microfiltration membrane producer. By 
1960, the elements of modem membrane science had been developed, but membranes 
were used only in a few laboratories and small but specialized industrial applications. No 
significant membrane industry existed because membranes suffered from four major 
problems that prohibited their widespread use as a separation process: they were too 
unreliable, too slow, too unselective, and too expensive. Solutions to each of these 
problems have been developed during the last 30 to 40 years, and membrane-based 
separation processes are now common in many fields. 
The influential discovery that transformed membrane separation from a laboratory 
to an industrial process was the development of the Loeb-Sourirajan process, in the eariy 
1960s, for making defect-free, high-flux, anisotropic reverse osmosis membranes [27]. 
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These membranes consist of an ultrathin, selective surface film on a much thicker but 
much more permeable microporous support, which provides the mechanical strength. The 
flux of the first Loeb-Sourirajan reverse osmosis membrane was 10 times higher than that 
of any membrane then available and made reverse osmosis a potentially practical method 
of desalting water. The work of Loeb and Sourirajan, and the timely infusion of large 
sums of research and development dollars from the US Department of Interior, Office of 
Saline Water (OSW), resulted in the commercialization of reverse osmosis and was a 
major factor in the development of ultrafiltration and microfiltration. The development of 
electrodialysis was also aided by OSW funding. 
The period between 1960 and 1980 shaped a major transform in the status of 
membrane expertise. On the basis of the original Loeb-Sourirajan technique, other 
membrane formation processes, including interfacial polymerization and multilayer 
composite casting and coating, were developed for making high performance membranes. 
Using these processes, membranes with selective layers as thin as 0.1 |im or less are now 
being manufactured by a quite few number of companies. Methods of packaging 
membranes into large-membrane-area spiral-wound, hollow-fine-fiber, capillary, and 
plate-and-frame modules were also developed and advances were made in improving 
membrane stability. 
By 1980, microfiltration, ultrafiltration, reverse osmosis and electrodialysis were 
all become established processes with large plants installed worldwide. The most 
important progress in the 1980s was the emergence of industrial membrane gas separation 
processes. The first major development was the Monsanto Prism membrane for hydrogen 
separation which was introduced in 1980 [22]. Within a few years, Dow fabricated 
membrane systems to separate nitrogen from air, and Cynara and Separex were able to 
separate carbon dioxide from natural gas. Gas separation technology is evolving and 
expanding rapidly; further substantial growth will be seen in the coming years. The next 
major development of the 1980s was the introduction of the first commercial 
pervaporation systems for dehydration of alcohol by GFT, a small German engineering 
company. More than 100 ethanol and isopropanol pervaporation dehydration plants have 
now been installed. 
In India, vital applications of membrane technologies in various industries were 
started after 1960. One of the pioneering companies in India to recognise the potential of 
reverse osmosis for industrial and domestic purposes - brackish, process & waste water 
treatment/recycle and drinking water systems was Ion Exchange (India) Ltd. With its 
early attainment of technology of reverse osmosis in 1980, it established and promoted 
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the function of reverse osmosis technology in these areas establishing fiiU fledged 
facilities for indigenous manufacture of membranes or design, engineering and supply of 
reverse osmosis system on turn-key basis, along with trained manpoM e^r for installation, 
erection, commissioning and troubleshooting. By the same year, Permionics had 
developed its own machinery for membrane casting of cellulose acetate membranes. 
Spiral wound membrane module manufacturing facilities were also set up. In the same 
year, Permionics supplied India's first indigenous membrane system for the concentration 
of dilute streptomycin solution at M/s. Sarabhai Chemicals, Baroda. 
At present, new technologies and processing techniques on membrane production 
are constantly being discovered and invented. Membrane application is being expanded to 
more and more fields, of which application of membrane technology in water treatment 
market mainly covers three aspects: seawater desalination, recycling wastewater and 
purifying water. 
2. Types of Membrane 
2.1. Isotropic Microporous Membranes 
Isotropic membranes are uniform in composition and physical nature across the 
cross-section of the membrane. They can be divided into various subcategories.For 
example, isotropic membranes may be microporous, which are generally prepared from 
rigid polymeric materials with large voids that create interconnected pores [28]. The most 
common microporous membranes are phase inversion membranes. These are produced by 
casting a film from a solution of polymer and solvent and immersing the cast film in a 
nonsolvent for the polymer. Most polymers used in such applications are hydrophobic, so 
water is the most common non-solvent. When contact with water, the polymer 
precipitates to form the membrane. A different type of microporous membrane is the 
track-etched membrane which is prepared by irradiating a polymer film with charged 
particles that attack the polymer chains, leaving damaged molecules behind. The film is 
then passed through an etching solution, and the damaged molecules dissolve to produce 
cylindrical pores, many of which are perpendicular to the membrane surface. Expanded-
film membrane, a less familiar microporous membrane, is oriented crystalline polymer 
with voids created by an extrusion and stretching process. First, the material is extruded 
near its melting temperature using a rapid draw-down rate and then, the extruded material 
is cooled, annealed and stretched up to 300% of its original length. This stretching 
process creates slit-like pores ranging in size from 200 to 2500 A°. 
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Isotropic membranes can also be dense films which either lack pores or contain 
pores that are so small as to render the membrane effectively non-porous. These films are 
prepared by solution casting followed by solvent evaporation or melt extrusion. Such 
membranes consist of a dense film through which permeants are transported by diffiasion 
under the driving force of concentration, pressure or electrical potential gradient. The 
departure of various components of a mixture through the membrane is directly related to 
their relative transport rate within the membrane, which can be determined by their 
solubility and diffusivity in the membrane material. Thus, nonporous dense membranes 
can separate permeants of similar size with the condition that their concentration in the 
membrane material i.e. their solubility varies considerably. The majority of gas 
separation, pervaporation and reverse osmosis membranes employ dense membranes to 
carry out the separation. Generally, such membranes have an anisotropic structure to 
improve the flux i.e. dense membranes have the disadvantage of low flux unless they can 
be made extremely thin. For this reason, dense membrane properties are incoiporated 
into the top "skin" layers of asymmetric membranes. 
Isotropic membranes can be compared to conventional filters in structure and 
function. They have a rigid, highly voided structure with randomly distributed, 
interconnected pores. However, their pores vary fi-om those in a conventional filter by 
being tremendously small which is of the order of 0.01 to 10 jxm in diameter. All particles 
larger than the largest pores are completely rejected by this membrane. Particles smaller 
than the largest pores but larger than the smallest pores, are partially rejected, according 
to the pore size distribution of the membrane. Particles much smaller than the smallest 
pores, will pass through the membrane. So, separation of solutes by microporous 
membranes is mainly a fiinction of molecular size and pore size distribution 
The resistance to mass transfer in these membranes is determined by the total membrane 
thickness. A decrease in membrane thickness results in an increased permeation rate. 
2.2. Ion-Exchange Membranes 
These membranes, which are electrically charged and used for processing 
electrolyte solutions in electrodialysis, can be dense or microporous, but aie most 
generally very finely microporous, with the pore walls carrying fixed positively or 
negatively charged ions. The development of ion exchange membrane-based method 
started in 1890 with the work of Ostwald [29] who figured out the properties of 
semipermeable membranes and revealed that a membrane could be impermeable for an 
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electrolyte if it is impermeable either for its cation or its anion. To illustrate this, the term 
"membrane potential" at the boundary between a membrane and its surrounding solution 
was postulated as a consequence of the difference in concentration. In 1911, Donnan [30] 
confirmed the existence of such boundary and developed a mathematical equation 
describing the concentration equilibrium, which resulted in the so-called "Donnan 
exclusion potential". However, the actual basic studies related ion exchange membranes 
were firstly begun in 1925 and carried out by Michaelis and Fujita with the homogeneous, 
weak acid collodium membranes [31]. 
Ion-exchange membranes are classified into anion exchange membranes and 
cation exchange membranes depending on the type of ionic groups attached to the 
membrane matrix. A membrane containing fixed negatively charged ions such as 
~WO/~. -COi . -S& , -COO', -POt, -POi, -POiH', -C6H40~, etc. is called a 
cation-exchange membrane because it allows the passage of cations but rejects anions. 
Likewise, a membrane with fixed positively charged ions such as -NH^*, -NRH^*, -
NR2fi, -Nlc^, -PR ^, -SR ^, etc., fixed to the membrane backbone is referred to as an 
anion-exchange membrane because it allows the passage of anions but rejects cations 
[32, 33]. 
Separation with charged membranes is accomplished mainly by exclusion of ions 
of the same charge as the fixed ions of the membrane structure and to a much lesser 
extent by the pore size. The separation is affected by the charge and concentration of the 
ions in solution. For example, monovalent ions are excluded less effectively than divalent 
ions and, in solutions of high ionic strength, selectivity decreases. 
The basic applications of the ion exchange mrmbrane processes are based on 
Donnan membrane equilibrium principle. They are generally used in the treatment of 
ionic solutions, e.g. electrolytic concentration of seawater, desalination of saline water, 
alkali and acid recovery, demineralization process, etc. [34-38]. Ion-exchange 
membranes, which are extensively used in various industries, have attracted considerable 
attentions due to their extraordinary properties and practical demands and hence a large 
number of researchers have concentrated on this investigation for many years. With the 
rapid development of industry and population explosion throughout the world, the 
demand for fi-esh water has become increasingly urgent due to the scarcity of drinking 
water resource and the contamination of environment due to industrial wastes. Hence, the 
treatinent of industrial wastewater is becoming imperative; while innovative technologies, 
which are used to prepare fi"esh water such as the desalination of brackish water and 
treatment of the industrial refuses, have attracted numerous researches. Among these 
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novel methods, ion-exchange membrane based technologies have been regarded as 
economical as well as effective due to its lower operational expense and secure processes 
[39,40]. 
For these extensive applications, the most essential properties required for 
successful ion-exchange membranes are: 
> High transport number and permselectivity: they should have high transport 
number of counter-ions i.e. they should be highly permeable to counter-ions, 
but should be impermeable to co-ion. 
y Low electrical resistance: they should have low electrical resistance and 
hence there will be less potential drop during electro-membrane processes. 
y High chemical stability: the ion-exchange membranes should be stable over a 
pH range ofO to 14 in the presence of oxidizing agents. 
^ Good mechanical stability: the membrane should be mechanically strong and 
should have a low degree of swelling or shrinking in transition from dilute to 
concentrated ionic solutions. 
Although ion-exchange membranes are broadly classified into homogeneous and 
heterogeneous, but depending on the degree of heterogeneity, these are divided into 
homogeneous ion-exchange membranes, interpolymer membranes, microheterogeneous 
graft- and block-polymer membranes, snake-in-the-cage ion-exchange membranes and 
heterogeneous ion-exchange membranes. 
2.2.1. Homogeneous Ion Exchange Membranes 
To prepare homogeneous ion-exchange membranes, various methods are a\ ailable 
to set up ionic groups. Based on the starting materials, these methods can be classified 
into three categories [38]: 
^ Starting with a monomer containing a moiety that either is or can be made 
anionic or cationic exchange groups, which can be copolymerized with non-
functionalized monomer to eventually form an ion exchange membrane. 
> Starting with polymer film, which can be modified by introducing ionic characters 
either directly by grafting of a functional monomer or indirectly by grafting 
nonfunctional monomer followed by functionalization reaction. 
y Starting with polymer or polymer blends by introducing anionic or cationic 
moieties, followed by the dissolving of polymer and casting it into a film. 
Some of the examples of homogeneous ion-exchange membrane are: 
• Styrene-divinylbenzene based membranes 
• Fluorinated ionomer membranes 
• Partially fluorinated ionomer membranes 
• Polysulfone based ion-exchange membranes 
• Polyimide based ion-exchange membranes 
• Polyphosphazene ion-exchange membranes 
• Ion-exchange membranes by sol-gel process 
• Partially sulphonated poly (ether ether ketone) (PEEK) membranes 
The homogeneous membranes prepared by condensation of monomers followed 
by formaldehyde crosslinking, showed good electrochemical properties, but lack in 
mechanical strength. However, fluorocarbon based ion-exchange membranes exhibited 
good electrochemical and thermal stability. These membranes are mainly developed for 
the chlor-alkali and fuel cell applications, since these are non-degradable in the presence 
of oxidizing agent at elevated temperatures. High equivalent weight perfluorinated 
membranes limit their use in fuel cell applications as they consume high power density. 
This has overcome by the Dow Chemical Company with the development of low 
equivalent weight perfluorinated membranes. Styrene-divinylbenzene based membranes 
have been classified according to its mechanism. The first is the sieving of ions with 
changing crosslinkage of the membranes, the second is the effect of charge and 
electrostatic repulsion on permselectivity of ions, and the third is the specific interaction 
between the specific ion-exchange groups, the membrane matrix and the ions. These 
membranes exhibit good electrochemical properties, but lack in chemical stability. It was 
claimed that the high stability of fluorine atoms attached to alkyl carbon atoms impacts 
the oxidative and thermal stability superior to that exhibited by the conventional ion-
exchange membranes. 
On the other hand, ion-exchange membranes prepared using polysulfone as a base 
polymer are likely to undergo a dimensional change during flocculation and tend to have 
defects. Therefore, it is difficult to get membranes with sufficient mechanical strength, 
since water tends to concentrate as molecular clusters around the ionic groups. However, 
membranes prepared by block copolymers of polysulfone and 
polyphenylenesulfidesulfone have shown good dimensional stability with poor 
electrochemical properties. Sulfonated polyphosphazene cation-exchange membranes are 
an attractive alternative to perflurosulfonic acid and polystyrene sulfonate membranes, 
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but due to difficulty associated in preparation of such membranes and balancing the 
hydrophilicity restricts this limitation [38]. 
2.2,2. Heterogeneous Ion Exchange Membranes 
Heterogeneous membranes which consist of neutral polymer matrix such as 
polyethylene arerandomly filled with micron-sized ion exchange particles. A 
heterogeneous membrane becomes an ion-conductive permselective membrane 
when the so-called percolation concentration [41] of the ion-exchange panicles is 
surpassed. The concentration of the ion-exchange particles in the matrix required 
for reasonable ion transport through the membrane is 50-70% by weight [42]. At 
such concentrations, the specific conductivity of commercial membranes lies in 
the range 4-12 mS cm''. The above mentioned concentrations of ion-exchange 
particles are the maximum possible concentrations for electrodialysis applications; 
any attempt to obtain higher conductivity by increasing the concentration of ion 
exchanger beyond this range results in the loss of membrane strength. 
In power sources, particularly fiiel cells, the Nafion membrane is widely used 
because of its remarkable proton conduction (0.15 S cm-1) and its stability to oxidation 
[43]. However, new generations of fuel cell require both higher proton conducti\ ity and 
lower permeability to the fuel (for example methanol or hydrogen). Inorganic or hybrid 
inorganic-organic membrane (both of heterogeneous type) are currently under intensive 
development for such applications [34-47]. One of the problems encountered in 
development of such membranes is that as the proton conductivity or the ionic 
conductivity in general increases, permeability to the fiiel also increases [48]. 
Heterogeneous membranes are known for good mechanical strength, but poor in their 
electrochemical performances. It is possible to have good ion-exchange membranes by 
optimizing the electrochemical properties and mechanical strength with heterogeneous 
method. On the whole, the heterogeneous membranes show the good dimensional 
stability as compared to homogeneous ion-exchange membranes. 
2.3. Anisotropic (Asymmetric) Membranes 
High transport rates are desirable in various membrane separation processes for 
economic reasons. As the transport rate of a species through a membrane is inversely 
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proportional to the membrane thickness, the membrane should be as thin as possible. 
Conventional film fabrication technology limits manufacture of mechanically strong, 
defect-fi-ee membranes with a thickness of about 20 |im. The development of novel 
membrane fabrication techniques to produce anisotropic membrane structures was one of 
the major breakthroughs of membrane technology during the past 30 to 40 years. 
Anisotropic membranes are non-uniform over the membrane cross-section, and 
they commonly consist of a number of layers, each with different structures and 
permeabilities. A typical anisotropic membrane has a relatively dense, extremely thin 
surface layer (i.e. the "skin", also called the permselective layer) supported on an open, 
much thicker porous substructure. The separation properties and permeation rates are 
determined exclusively by the surface layer; and the substructure acts as mechanical 
support, with virtually no separating function. The resistance to mass transfer is 
determined largely or completely by the thin surface layer. The membrane can be made 
thick enough to withstand the compressive forces used in separation. The thin fQm is 
always on the high-pressure side of the membrane, that is, the feed side, since in this 
way maximum use of the support layer is made in stabilizing the thin film. These 
membranes had the advantage of higher fluxes, and hence a large number of commercial 
processes use such membranes. 
There are two main types of anisotropic membranes: phase separation membranes 
and thin film composite membranes. Anisotropic phase separation membranes are often 
called Loeb-Sourirajan membranes, referring to the people who are credited with initially 
developing them [28]. Membranes made by the Loeb-Sourirajan process consist of 
a single membrane material, but the pore sizes and porosity vary across the membrane 
thickness. Anisotropic membranes made by other techniques and used on a large scale 
often consist of layers of different materials which serve different fiinctions.These phase-
separated membranes are homogeneous in chemical composition but not in structure. 
Loeb-Sourirajan membranes are produced via phase inversion techniques, and often 
consist of a rather dense layer of polymer on the surface of an increasingly porous layer. 
Thin-film (interfacial) composite membranes are both chemically and structurally 
heterogeneous. Thin-film composites usually consist of highly cross-linked polymer 
formed on the surface of a thicker microporous support. The dense polymer layer is 
extremely thin, on the order of 0.1 mm or less, so membrane permeability is high. 
Because it is highly cross-linked, its selectivity is also high. They can be made via several 
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methods including interfacial polymerization, solution coating, plasma polymerization or 
surface treatment. Interfacial composite membranes are widely used in reverse osmosis 
and nanofiltration. 
2.4. Liqiud Membranes 
Liquid membranes have become increasingly significant in the context 
of facilitated transport, which utilizes "carriers" to selectively transport components such 
as metal ions at a relatively high rate across the membrane interface. A liquid membrane 
(LM) is literally a membrane made of liquid. It consists of a liquid phase (e.g. a thin oil 
film) existing either in supported or unsupported form that serves as a membrane barrier 
between two phases of aqueous solutions or gas mixtures. One of the benefits of using a 
liquid membrane is that these are highly selective, and, with the use of carriers for the 
transport mechanism, specific molecular recognition can be achieved. Liquid membranes 
are relatively high in efficiency, and as such, are being looked into for industrial 
applications. The major problem restricting widespread application is stability, liquid 
membranes require stability in order to be effective, and if they are pushed out of the 
pores or ruptured in some way due to pressure differentials or turbulence, then they just 
do not work. Although these membranes are still being studied in a number of 
laboratories, improvements in selective conventional polymer membranes have 
diminished interest in processes using liquid membranes. 
The best applications of liquid membranes are removal and recovery of metals 
fi-om large, dilute feed solutions such as contaminated ground water or dilute 
hydrometallurgical process streams. Treatment of such streams by chemical precipitation, 
conventional solvent extraction with liquid ion exchange reagents, or extraction with ion 
exchange resins is often uneconomical. The ability of coupled transport to treat large-
volume, dilute streams with relatively small amounts of the expensive carrier agent is an 
advantage. Ion transport through the liquid membranes plays an important role in 
simulating biological membrane fiinctions and separation technologies because of the 
high transport efficiency, excellent selectivity and economic advantages of the liquid 
membranes. A number of successful studies involving the transport of metal ions [49], 
rare earth elements [50], transifion metals particularly Cu(ll), which is vital but toxic to 
many biological systems [51] drugs [52], phenols [53] and the treatment of seawater and 
wastewater [54] through liquid membranes have been carried out. 
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2.5. Ceramic and Metallic Membranes 
The majority of membranes used commercially are polymer-based. However, in 
recent times, interest in membranes which are made from less conventional materials has 
increased. Membranes can also be prepared from inorganic materials such as ceramics or 
metals. Inorganic membranes are classified as ceramic, metallic, glass, or zeolitic 
membranes, and generally have greater thermal and chemical stabilities than typical 
polymeric membranes [55]. Excellent thermal and chemical stabilities allow inorganic 
membranes to be used in high temperature and extreme pH conditions. Inorganic 
membranes can generally be used in any organic solvent. 
Ceramic membranes, a special class of microporous membranes, are being used in 
ultrafiltration and microfiltration applications for which solvent resistance and thermal 
stability are required. Due to the distinct advantage of excellent acid^ase resistance and 
mechanical and abrasive resistance, high solvent and thermal stability, and easy to be 
cleaned and sanitized with backflush, ceramic membrane products have been successfully 
applied in different applications ranging from pharmaceutical industry to food & 
beverage industry and waste water treatment. The other inorganic membranes are mainly 
used in high temperature reactions, such as hydrogenation and dehydrogenation. 
However, disadvantages such as high cost and mechanical fragility have hindered their 
wide-spread use. Pore diameters in ceramic membranes for microfiltration and 
ultrafiltration range from 0.01 to 10 \im; these membranes are generally made by a slip 
coating-sintering procedure. Sol-gel method, another technique, can also be used to 
produce membranes with pores from 10 to 100 A°. Sol-gel membranes are the subject of 
considerable research interest particularly for gas separation applications, but so far they 
have found only limited commercial use. A number of reviews covering the general area 
of ceramic membrane preparation and use have appeared recently [28]. 
Dense metal membranes, particularly palladium membranes, are being considered 
for the separation of hydrogen from gas mixtures [56]. Metallic membranes are often 
made of stainless steel and can be very finely porous. Their main application is in gas 
separations, but they can also be used for water filtration at high temperatures or as a 
membrane support. However, the major problem that was faced before was the very high 
membrane cost. So if noble metal membranes are ever to be used on a large scale their 
cost must be reduced. One approach [57, 58] is to sputter-coat a 500- to 1000-A° film of 
the metal on a polymer support. Because the film is extremely thin these membranes have 
extremely high hydrogen fluxes even at room temperature. Another approach, used by 
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Buxbaum [59, 60], is to coat a thin layer of palladium on a tantalum or vanadium support 
film. Tantalum and vanadium are also quite permeable to hydrogen and much less 
expensive than palladium. These metals cannot be used alone because they easily form an 
impenetrable oxide surface film. However, protected by a thin palladium layer, these 
membranes are quite permeable at high temperatures. 
2.6, Inorganic-organic hybrid Membranes 
Inorganic membranes have higher thermal and chemical resistance anc longer 
lifetime, but they are expensive with poor flexibility and low separation performance [61, 
62]. Polymeric membranes are relatively cheap, easy to fabricate in large quantities, and 
stable in a wide range of physical-chemical conditions. Hybrid materials can combine 
basic properties of organic and inorganic materials and offer specific advantages for the 
preparation of artificial membranes with excellent separation performances, good thermal 
and chemical resistance and adaptability to the harsh environments, as well as film 
forming ability [63, 64]. 
Thus, inorganic-organic hybrid materials as new membrane materials have 
attracted more and more attentions owing to the remarkable change in properties, such as 
thermal [15], mechanical [16], electrical [17] and magnetic [65], as compared to the pure 
inorganic materials or organic polymers. In these hybrid membranes, organic materials 
offer structural flexibility, convenient processing, tunable electronic properties, 
photoconductivity, efficient luminescence and the potential for semiconducting and even 
metallic behavior. Inorganic compounds provide the potential for high carrier mobilities, 
band gap tunability, a range of magnetic and dielectric properties and thermal and 
mechanical stability. Among the many possible applications for inorganic-organic 
materials, membranes with various compositions and properties are now being prepared 
fi-om them, especially; inorganic-organic hybrid membranes have received remarkable 
attentions in recent years. 
Inorganic-organic ion exchange hybrid membranes can be prepared by several 
methods such as sol-gel process, intercalation, blending, in situ polymerization, and 
molecular self-assembling. Amongst them, the sol-gel technique is one of the most 
extensively applied methods for the preparation, which allows the formation of inorganic 
fi-ameworks under mild condition and the incorporation of minerals into polymers, 
resulting in an increased chemical, mechanical and thermal stabilities without ob\iously 
decreasing the properties of the polymers [66-68]. Furthermore, the remained hydrogen 
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bond clusters on the surfaces of the materials after the sol-gel reaction improve the 
membrane hydrophilicity and enhances hybrid material stability [69-75]. 
This method was used by Kogure et al. [76] to prepare a hybrid anion exchange 
membrane of silane coupling agents. Through coupling with these agents to silanol group 
on the surface of silica membranes, the hybrid membranes become insoluble and 
mechanically more stable because of the inorganic component. The same research group 
also reported the analogous preparation of hybrid cation exchange membrane [77, 78]. 
Compared with hybrid anion exchange membranes, hybrid cation exchange membranes 
deserve more attention because the thermal stability of the membranes permits their 
applications as fuel cell separator [79-81]. 
2.7. Bipolar ion exchange membranes 
Bipolar membranes have been known since the 1950s and have stirred a renewed 
interest for their ability to generate hydrogen ions (H^) and hydroxyl ions (OH) by water 
dissociation via electrodialysis. A bipolar membrane (BPM) generally consists of a 
layered ion-exchange structure composed of a cation selective layer having negative fixed 
charges and an anion selective layer having positive fixed charges. Such composition of 
anionic and cationic exchange layer brings about many novelties [82-85], such as 
separation of mono-and divalent ions, anti-deposition, anti-fouling, water dissociation, 
etc. Particularly, electrodialytic water splitting employing bipolar membranes to produce 
acids and bases from the corresponding salts has become a new growth point in 
electrodialysis industries, and great potentialities exist in industries and daily life, such as 
chemical production and separation, biochemical engineering, environmental 
conservation, etc. [86-91]. The involvement of a BPM in these fields can significantly 
change the features of conventional processes and eliminate potential contamination to 
the environment [92]. Electrodialytic water dissociation with a bipolar membrane is a 
very energy-efficient way to produce acids and bases fi^om the corresponding salts, 
because the set-up can consist of hundreds of cell units stacked between two electrodes 
like a conventional electrodialysis. However, there are still severe problems, such as the 
instability of a bipolar membrane at high overlimiting current density conditions [92]. 
Bipolar membranes can be prepared by simply laminating conventional cation and 
anion exchange membranes. The total potential drops depend upon the applied current 
density, the resistance of the two membranes and the solution resistance. Since the 
16 
specific resistance of deionized water is very high, the distance between the membranes 
of opposite polarity should be as low as possible. 
2.8. Polymeric membranes 
Polymeric membranes are well known for their uniformity, chemical stability and 
controlled ion-exchange properties. They have significant advantages over conventional 
membranes, owing to their electrical nature, adhesive property, thermal conductivity, 
chemical resistivity and biochemical properties. These membranes are extensively used 
as the biomedical membranes in applications such as heamodialysis, heamofiltTation. 
reverse osmosis, blood purification, controlled drug delivery, etc. [93]. In the natural 
kidney, ultrafiltration of blood occurs through the capillaries leading to the removal of 
waste product and purification of blood. In an artificial unit, membrane dependent 
ultrafiltration achieved essentially the same results. Membranes in the form of ether flat 
sheets or hollow fibers are employed. A synthetic polymer substitute has been 
experimented with a polyethylene glycol, a block copolymer membrane, which could 
filter selecfively [94]. 
A modified polymeric unit has been used as membrane in which oxygenated 
blood is allowed to flow through membrane barrier which has high permeability to both 
oxygen and carbon dioxide. The flow of oxygen, which is maintained at high partial 
pressure, displaces carbon dioxide and thus this membrane is accounted for effective 
purification. Silicon is the best membrane material available and extensively used as 
polymeric membrane. It has a high permeability to gases and low permeability to water 
and can also be autoclaved [95]. 
Synthetic polymeric membranes are the crucial components for controlled drug 
delivery system [96]. The advantage of drug delivery in this fashion is that the drug can 
be maintained at the optimum therapeunic concentration in the body for a long period of 
time. Besides silicon membranes, ethylvinylacetate copolymers, polyglycollic acid, lactic 
acid, block copolymer and certain varieties hydro gel have drawn attention. A hydro gel 
system is based on butylmethacrylate, which has been tested for antitumor drug delivery. 
Polymeric membranes bearing ion-exchange property have the distinction of being the 
most widely studied systems [97]. 
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2.9. Charge Mosaic Membranes and Piezodialysis 
Donnan dialysis, a process for which the membrane does have sufficient 
selectivity to achieve usefiil separations, is a type of ion exchange process. Ions of the 
same charge are redistributed across the membrane, but no net flow of salt fi-om one side 
of the membrane to the other occurs. This is because ion exchange membranes are quite 
impermeable to salts. Although counter-ions to the fixed charge groups in the membrane 
can easily permeate the membrane, ions with the same charge as the fixed charge groups 
are excluded and do not permeate. 
Sollner [98] proposed that, if ion exchange membranes consisting of separated 
small domains of anionic and cationic membranes could be made, they would be 
permeable to both anions and cations. These membranes are now called charge mosaic 
membranes. Cations permeate the cationic membrane domain; anions permeate the 
anionic domain. Charge mosaic membranes can preferentially permeate salts fi-om water. 
This is because the principle of electro-neutrality requires that the counter-ion 
concentration inside the ion exchange regions be at least as great as the fixed charge 
density. Because the fixed charge density of ion exchange membranes is typically greater 
than 1 M, dilute counter-ions present in the feed solution are concentrated 10- to 100-fold 
in the membrane phase. The large concentration gradient that forms in the membrane 
leads to high ion permeability. Water and neutral solutes are not concentrated in the 
membrane and permeate at low rates. When used as dialysis membranes, therefore, these 
charged mosaic membranes are permeable to salts but relatively impermeable to non-
ionized solutes. For charge mosaic membranes to work most efficiently, the cationic and 
anionic domains in the membrane must be close together to minimize charge separation 
effects [99-101]. The first charge mosaic membranes were made by distributing very 
small ion exchange beads in an impermeable support matrix of silicone rubber [102, 
103]. 
Charge mosaic membranes can be used in deionization processes, for example, to 
remove salts fi-om sucrose solutions in the sugar industry. A second potential application 
is pressure-driven desalination. When a pressure difference is applied across the 
membrane, the concentrated ionic groups in the ion exchange domains are swept through 
the membrane, producing a salt-enriched permeate on the low-pressure side. This 
process, usually called piezodialysis, has a number of conceptual advantages over the 
alternative, conventional reverse osmosis, because the minor component (salt), not the 
major component (water), permeates the membrane [28]. 
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3. Membrane Separation Processes and Applications 
A membrane separation/filtration system separates an effluent stream into two 
sub-streams known as permeate and retentate. The process of cross-flow membrane 
filtration uses pressure to force liquid across the surface of a porous membrane. The size 
distribution of the pores in the membrane determines which components in the liquid pass 
through the membrane, and which ones will be retained. The retained portion is called 
retentate and the substance that passes through the membrane is called permeate. 
Depending on the application it may be the retentate or permeate that is considered the 
"value" stream. Passive transport through membranes occurs as a consequence of a 
driving force i.e. a difference in chemical potential by a gradient across the membrane in, 
e.g. concentration or pressure, or by an electrical field [104]. 
The four major membrane processes along with the substances that they permeate 
are Microfiltration (MF), Ultrafiltrafion (UF), Nanofiltration (NF) and Reverse Osmosis 
(RO) (shown in Figure 1.1). 
The average pore diameter in a membrane is not easy to determine directly and 
must often be inferred from the size of the molecules that permeate the membrane or by 
some other indirect technique. With this caution in mind, membranes can be organized 
into three general groups shown in Figure 1.2: 
^ Ultrafiltration, microfiltration and microporous Knudsen-flow gas separation 
membranes are all clearly microporous and transport occurs by pore flow. 
^ Reverse osmosis, pervaporation and polymeric gas separation membranes have a 
dense polymer layer with no visible pores, in which the separation occurs. These 
membranes show different transport rates for molecules as small as 2-5 A° in 
diameter. The fluxes of permeants through these membranes are also much lower 
than through the microporous membranes. Molecules permeate the membrane 
through free volume elements between the polymer chains that are transient on the 
timescale of the diffusion processes occurring. 
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> Membranes in the third group contain pores with diameters between 5 A° and 10 
A" and are intermediate between truly microporous and truly solution diffusion 
membranes. For example, nanofiltration membranes are intermediate between 
ultrafiltration membranes and reverse osmosis membranes. These membranes 
have high rejections for the di- and trisaccharides sucrose and raffmose with 
molecular diameters of 10-13 A° , but freely pass the monosaccharide fructose 
with a molecular diameter of about 5-6 A°. 
3.1. Microflltration 
Microfiltration (MF) refers to filtration processes that use porous membranes to 
separate suspended particles with diameters between 0.1 and 10 ^m. Thus, microfiltration 
membranes fall between ultrafiltration membranes and conventional filters. The pressure 
requirements to achieve microfiltration are low at 1 -4 Bar. 
Microporous MF membranes used to filter particulates fi-om liquids fall into two 
general categories, screen and depth filters membranes, illustrated in Figure 1.3 [28]. The 
screen or surface filter pores are uniform, small and capture the retained particles on the 
membrane surface. Such membranes contain surface pores smaller than the particles to be 
removed. Particles in the permeating fluid are captured and accumulate on the surface of 
the membrane. 
These membranes are usually anisotropic, with a relatively finely microporous 
surface layer on a more open microporous support. Particles small enough to pass 
through the surface pores are not normally captured in the interior of the membrane. Most 
ultrafiltration membranes are screen filters. 
The second category of microporous membranes is the depth filter, which captures 
the particles to be removed in the interior of the membrane. The depth filter pores are 
almost 5-10 times larger than the screen filter equivalent and the average pore diameter 
of a depth filter is often 10 times the diameter of the smallest particle able to permeate the 
membrane. Some particles are captured at small constrictions within the membrane, 
others by adsorption as they permeate the membrane by a tortuous path. Depth filters are 
usually isotropic, with a similar pore structure throughout the membrane. Most MF 
membranes are depth filters. 
Depth filters have a much larger surface area available for collection of the 
particles, providing a larger holding capacity before fouling. Depth membrane filters are 
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usually preferred for in-line filtration. As particles are trapped within the membrane, the 
permeability falls, and the pressure required for maintaining a useful filtrate flow, 
increases until, at some point, the membrane must be replaced. The usefial life of the 
membrane is proportional to the particle loading of the feed solution. A typical 
application of in-line depth microfiltration membranes is final polishing of ultrapure 
water just prior to use. Screen membrane filters are preferred for the cross-flow 
microfiltration systems [28], because screen filters collect the retained particles on the 
surface of the membrane, the recirculating fluid helps to keep the filter clean. 
In the early 1960s and 1970s, the in-line plate filtration was the only available 
microfiltrafion module. However, the short lifefime of in-line cartridge filters makes them 
unsuitable for microfiltration of highly contaminated feed streams. Cross-flow 
microfiltration, which overlaps significantly with ultrafiltration technology, is used in 
such applications. In cross-flow filtration, long filter life is achieved by sweeping the 
majority of the retained particles fi^om the membrane surface before they enter the 
membrane. Screen filters are preferred for this application, and an ultrafiltration 
membrane can be used. 
Capital cost is low for in-line microfiltration while the cost is high for cross-flow 
filtration. On the other hand, in-line microfiltration has a simple operation and cross-flow 
filtration has a complex operation. Representative applications of in-line microfiltration 
are sterile filtration and clarification/sterilization of beer and wine while potential 
applications of cross-flow filtration are continuous culture/cell recycle and filtration of 
oilfield produced water. 
The first large-scale application of microfiltrafion membranes was to culture 
microorganisms in drinking water which sfill remains a significant application. 
Typical applications of microfiltration include: 
> Microfiltration for Drinking Water Treatment for reuse of water from sewage 
treatment plants 
> Food, Sugar & Starch for wet corn milling, corn syrup clarification, modified 
starch filtration, fructose polishing, cane & beet sugar clarification, scums 
filtration, caustic recovery, etc. 
> Nuclear Power for enriched uranium recovery, low-level rad-waste concentration, 
etc. 
> Removal of bacteria (from milk and other food products) 
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Figure 1.3: Surface scanning electron micrographs of screen and deptli filter 
membranes [28]. 
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3.2. Ultrafiltration 
Ultrafiltration (in its abbreviated terminology known as UF) uses a finely porous 
membrane to filter dissolved colloids and macromolecules such as proteins fi-om 
solutions. UF and MF are related processes—the difference between the two lies in the 
pore size of the membrane. Micro filtration membranes have larger pores (0.1-10 [im 
range), whereas UF membranes are generally considered to be limited to membranes 
with pore diameters from 10 to 1000 A' and the pressure requirements to achieve 
ultrafiltration are moderate at 4 - 8 Bar. 
The first synthetic ultrafiltration membranes were prepared by Bechhold from 
collodion (nitro cellulose) [105]. While collodion membranes were widely used in 
laboratory studies, no industrial applications existed until the 1960s. The vital 
breakthrough was the development of the anisotropic cellulose acetate membrane by 
Loeb and Sourirajan in 1963 [20]. The goal was to produce high-flux reverse osmosis 
membranes. Realizing the general applicability of the technique, Michaels and his 
coworkers [106], however, created ultrafiltration membranes from cellulose acetate and 
many other polymers including polyacrylonitrile copolymers, aromatic polyamides, 
polysulfone and poly(vinylidene fluoride). These materials are still widely used to 
fabricate ultrafiltration membranes. In the 1980s, Nitto Denko developed polyimide-
based ultrafiltration membranes that found a small use in the recovery of acetone, 
toluene, ethyl acetate and hexane and other solvents from waste paint and polymer 
solutions [107]. These were microporous membranes with a molecular weight cut-off of 
2000-6000. 
Most UF membranes are screen filters which are anisotropic in nature, and hence 
the thickness of the separating layer is difficult to measure, but clearly the permeability of 
water through the pores of ultrafiltration membranes is orders of magnitude higher than 
permeability through dense solution-diffusion reverse osmosis membranes. 
In ultrafiltration, solvent and macromolecular or colloidal solutes are carried 
towards the membrane surface by the solufion permeating the membrane. Solvent 
molecules permeate the membrane, but the larger solutes accumulate at the membrane 
surface. Because of their size, the rate at which the rejected solute molecules can diffuse 
from the membrane surface back to the bulk solution is relafively low. Thus their 
concentration at the membrane surface is typically 20-50 fimes higher than the feed 
solution concentration. These solutes become so concentrated at the membrane surface 
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that a gel layer is formed and becomes a secondary barrier to flow through the membrane. 
The gel layer model was developed at the Amicon Corporation in the 1960s [108]. 
The transition between pore-flow and solution-diffusion transport appears to occur 
with membranes having very small pores. Ultrafiltration membranes that reject sucrose 
and raffinose but pass all micro-ions are clearly pore-flow membranes, whereas 
desalination-grade sodium-chloride-rejecting reverse osmosis membranes clearly follow 
the solution-diffusion model. 
The cut-off of ultrafiltration membranes is usually characterized b> solute 
molecular weight, but several other factors affect permeation through these membranes. 
One important example is the shape of the molecule to be retained. When membrane 
retention measurements are performed with linear, water-soluble molecules such as 
polydextran, poly(ethylene glycol) or poly(vinyl pyrrolidone), the measured rejection is 
much lower than the rejection measured for proteins of the same molecular weight. It is 
believed that linear, water-soluble polymer molecules are able to snake through the 
membrane pores. However, protein molecules exist in solution as tightly wound globular 
coils held together by hydrogen bonds. These globular molecules cannot deform to pass 
through the membrane pores and are therefore rejected. 
The pH of the feed solution is another factor that affects permeation through 
ultrafiltration membreines, particularly with polyelectrolytes. For example, poly( acrylic 
acid) is usually very well rejected by ultrafiltration membranes at pH 5 and above, but is 
completely permeable through the same membrane at pH 3 and below. This change in 
rejection behavior with pH is related to the change in configuration of the polyacid. In 
solutions at pH 5 and above, poly(acrylic acid) is ionized. In the ionized form, the 
negatively charged carboxyl groups along the polymer backbone repel each other; the 
polymer coil is then much extended and relatively inflexible. In this form, the molecule 
cannot readily permeate the small pores of an ultrafiltration membrane. At pH 3 and 
below, the carboxyl groups along the poly(acrylic acid) polymer backbone are all 
protonated. The resulting neutral molecule is much more flexible and can pass through 
the membrane pores. 
UF membranes, support membranes for solution coating and interfacial 
polymerization membranes have the same general anisotropic structure, but the skin layer 
is very finely microporous, typically with pores in the 10-200A° diameter range. Also, the 
porous substrate of ultrafiltration membranes is usually more open, often consisting of 
large finger-like cavities extending firom just under the selective skin layer to the bottom 
surface of the membrane. 
25 
Tubular modules are now generally limited to ultrafiltration applications, for 
which the benefit of resistance to membrane fouling due to good fluid hydrodynamics 
outweighs their high cost. For ultrafiltration applications, hollow fine fibers have never 
been seriously considered because of their susceptibility to fouling. If the feed solution is 
extremely fouling, tubular systems are still used. 
Recently, however, spiral-wound modules with improved resistance to fouling 
have been developed; these modules are increasingly displacing the more expensive 
tubular systems. This is particularly the case with clean feed solutions; for example, in the 
ultrafiltration of boiler feed water or municipal water to make ultrapure water for the 
electronics industry. Capillary systems are also used in some ultrafiltration applications. 
The first large successftil application was the recovery of electrocoat paint in 
automobile plants. Later, a number of significant applications developed in the food 
industry [109-111], first in the production of cheese, then in the production of apple and 
other juices and, more recently, in the production of beer and wine. Industrial wastewater 
and process water treatment is a growing application, but high costs limit growth. 
Typical applications include: 
> Electrocoat Paint 
> Cheese Production 
> Clarification of Fruit Juice 
> Oil-Water Emulsions 
> Process Water and Product Recycling 
> Biotechnology 
> Concentration and recovery of proteins 
> removal of ash 
> juice concentration and clarification 
3.3. Reverse Osmosis 
The most common membrane processes used are the reverse osmosis (RO) and 
the electrodialysis (ED) used for brackish water desalination, but only RO competes with 
distillation processes in seawater desalination. RO a modem process technology that 
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utilizes semipermeable membranes to separate and remove dissolved solids, organic, 
pyrogens, submicron colloidal matter, color, nitrate and bacteria to purify water for a 
wide range of applications, including semiconductors, food processing, biotechnology, 
pharmaceuticals, power generation, seawater desalting, and municipal driidcing water. 
The materials used for RO membranes are made of cellulose acetate, polyamides and 
other polymers. The membranes consist of hollow-fiber, spiral-wound used for treatment; 
depend on the feed water composition and the operation parameters of the plant. Reverse 
Osmosis (RO) is a membrane based process technology used for desalination. 
Membrane-based seawater desalination and wastewater reuse are widely considered as 
promising solutions to augment water supply and alleviate water scarcity [112]. 
From initial experiments conducted in the 1950s which produced a few drops per 
hour, the reverse osmosis industry has today resulted in combined world-wide production 
in excess of 1.7 billion gallons per day. With demand for pure water ever-increasing, the 
growth of the reverse osmosis industry is poised to continue growing well into the next 
century. Reverse osmosis is one of the developed industrial membrane separation 
processes (which also include microfiltration, ultrafiltration and electrodialysis); the 
mechanism of which is quite different from the others. 
In reverse osmosis membranes, the membrane pores are so small, from 3 to 5 A° 
in diameter that they are within the reinge of thermal motion of the polymer. Reverse 
osmosis uses a large pressure difference across the membrane to separate water fnjm salt 
solutions i.e. reverse osmosis is a process for desalting water using membranes that are 
permeable to water but essentially impermeable to salt. 
Pressurized water containing dissolved salts contacts the feed side of the 
membrane; water depleted of salt is withdrawn as a low-pressure permeate. The ability of 
membranes to separate small solutes from water has been known for a very long time. 
Pfeffer, Traube and others studied osmotic phenomena with ceramic membranes as early 
as the 1850s. But the breakthrough discovery that made reverse osmosis a practical 
process was the development of the Loeb-Sourirajan anisotropic cellulose acetate 
membrane [20]. With these membranes, water desalination by reverse osmosis became a 
potentially practical process, and within a few years small demonstration plants were 
installed. The construction of large seawater desalination plant at Jiddah, Saudi /Arabia 
using these membranes was a milestone in reverse osmosis development [113]. 
Currently, approximately one billion gal/day of water are desalted by the process of 
reverse osmosis. 
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Some of the advantages of the RO process that make it attractive for dilute 
aqueous wastewater treatment include its simplicity to design and operate, low 
maintenance requirements; ability to remove both organic and inorganic pollutants 
simultaneously; recovery or recycle of waste process streams with no effect on the 
material being recovered; less energy requirement as compared to other technology, etc. 
This technology has advantage of a membrane based process where concentration 
and separation is achieved without a change of state and without use of chemicals or 
thermal energy, thus making the process energy efficient and ideally suited for recovery 
applications. 
Following are the important areas where RO is being widely used: 
>• Brackish Water and Seawater Desalination 
> Ultrapure Water 
'P- Reclamation of wastewater 
> Recovery of Phenol Compounds 
y Organic Solvent Separation 
> Distillery Spent Wash 
3.4. Nanofiltration 
The objective of most of the early work on reverse osmosis was to produce 
desalination membranes with sodium chloride rejections greater than 98 %. More recently 
membranes with lower sodium chloride rejections but much higher water permeabilities 
have been produced. These membranes, which fall into a transition region between pure 
reverse osmosis membranes and pure ultrafiltration membranes, are called loose reverse 
osmosis, low-pressure reverse osmosis, or more commonly, nanofiltration membranes. 
Typically, nanofiltration membranes have sodium chloride rejections between 20 and 
80% and molecular weight cutoffs for dissolved organic solutes of 200-1000 dalton (D). 
These properties are intermediate between reverse osmosis membranes with a salt 
rejection of more than 90% and molecular weight cut-off of less than 50 and 
ultrafiltration membranes with a salt rejection of less than 5 %. 
Nanofiltration relies on the ability of membranes to discriminate between the 
physical size of particles or species in a mixture or solution and is primarily used for 
water pre-treatment, treatment, and purification [114-116]. There are approximately 600 
companies worldwide offering membrane systems. 
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Like Reverse Osmosis, the mass transfer mechanism in NanofiUration is diffusion. 
Though generally quite similar in terms of membrane chemistry, the Nanofiltration 
membrane allows the diffusion of certain ionic solutes such as NaCl, predominantly 
monovalent ions, as well as water. Larger ionic species, including divalent and 
multivalent ions and more complex molecules are highly retained. 
In Nanofiltration, the filtration process takes place on a selective separation layer 
formed by an organic semipermeable membrane. The driving force of the separation 
process is the pressure difference between the feed (retentate) and the filtrate (permeate) 
side at the separation layer of the membrane. However, because of its selectivity one or 
several components of a dissolved mixture are retained by the membrane despite the 
driving force, while water and substances with a molecular weight < 200 D are able to 
permeate the semipermeable separation layer. Because nanofiltration membranes also 
have selectivity for the charge of the dissolved components, monovalent ions will pass the 
membrane but divalent and multivalent ions will be rejected 
Although some nanofiltration membranes are based on cellulose acetate, most are 
based on interfacial composite membranes. The preparation procedure used to fonn these 
membranes can result in acid groups attached to the polymeric backbone. Neutral solutes 
such as lactose, sucrose and raffinose are not affected by the presence of charged groups 
and the membrane rejection increases in proportion to solute size. Nanofiltration 
membranes with molecular weight cut-offs to neutral solutes between 150 and 1500 
dalton are produced [117]. 
Some of the applications for Nanofiltration are: 
> Desalination of food, dairy and beverage products or byproducts 
> Partial Desalination of whey, UF permeate or retentate as required 
> Desalination of dyes and optical brighteners 
> Purification of spent clean-in-place (CIP) chemicals 
> Color reduction or manipulation of food products 
Beneflts of water treatment nanofiltration include: 
*X* Lower operating costs and lower energy costs 
*** Lower discharge and less wastewater than reverse osmosis 
*l* Reduction of pesticides and VOCs (organic chemicals) 
• Reduction of heavy metals, nitrates and sulfates 
•J* Reduction color, tannins, and turbidity 
*l* Hard water softening 
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3.5. Electrodialysis: Ion-exchange membranes 
The next fully developed membrane process is electrodialysis, in which charged 
membranes are employed to separate ions from aqueous solutions under the driving force 
of an electrical potential difference. The process utilizes an electrodialysis stack, built on 
the filter-press principle and containing several hundred individual cells, each formed by 
a pair of anion and cation exchange membranes. The primary application of 
electrodialysis is the desalting of brackish groundwater. However, industrial use of the 
process in the food industry, for example, to deionize cheese whey, is growing, as is its 
use in pollution-control applications. 
Separation with charged membranes is achieved mainly by exclusion of ions of 
the same charge as the fixed ions of the membrane structure, and to a much lesser extent 
by the pore size. The separation is affected by the charge and concentration of the ions in 
solution. For example, monovalent ions are excluded less effectively than divalent ions 
and, in solutions of high ionic strength, selectivity decreases. Electrically charged 
membranes are used for processing electrolyte solutions in electrodialysis. 
In an electrodialysis system, anionic and cationic membranes are formed into a 
multicell arrangement built on the plate-and-frame principle to form up to 100 cell pairs 
in a stack. The cation and anion exchange membranes are arranged in an alternating 
pattern between the anode and cathode. Each set of anion and cation membranes forms a 
cell pair. Salt solution is pumped through the cells while an electrical potential is 
maintained across the electrodes. The positively charged cations in the solution migrate 
toward the cathode and the negatively charged anions migrate toward the anode. Cations 
easily pass through the negatively charged cation exchange membrane but are retained by 
the positively charged anion exchange membrane. Similarly, anions pass through the 
anion exchange membrane but are retained by the cation exchange membrane. The 
overall result of the process is that one cell of the pair becomes depleted of ions while the 
adjacent cell becomes enriched in ions. 
Experiments with ion exchange membranes were described as early as 1890 by 
many membrane scientists such as Ostwald [118], Donnan [119], Manegold and Kalauch 
[120], Meyer and Strauss [121], Kressman [122], Murphy et al. [123] and Juda and 
McRae [124]. With the development of these membranes, elecfrodialysis became a 
practical process. In the early 1970s, a breakthrough in system design, known as 
electrodialysis polarity reversal, was made by Ionics [125]. Electrodialysis plants using 
the reverse polarity technique have been operating since 1970 and have proved more 
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reliable than their fixed polarity predecessors. One of the major applications where 
electrodialysis is being used widely is in the desalination of brackish water. One 
advantage of electrodialysis applied to brackish water desalination is that a large fraction, 
typically 80-95% of the brackish feed, is recovered as product water. However, these 
high recoveries mean that the concentrated brine stream produced is five to twenty times 
more concentrated than the feed. The degree of water recovery is limited by precipitation 
of insoluble salts in the brine. The power consumption of an electrodialysis plant is 
directly proportional to the salt concentration of the feed water, varying fi-om 4 kWh/1000 
gal for 1000 ppm feed water to 10-15 kWh/1000 gal for 5000 ppm feed water. About 
one-quarter to one-third of this power is used to drive the feed water circulation pumps. 
Some other applications of electrodialysis include: 
> Salt recovery from seawater in Japan [126] 
> Softening water 
> Removal of heavy metals from electroplating rinse waters [127] 
> Preparation ofultrapure water for the electronics and pharmaceutical industries 
[128]. 
3.6. Pervaporation 
Pervaporation is a relatively new process that has elements in common with 
reverse osmosis and gas separation. In pervaporation, a liquid mixture contacts one side 
of a membrane, and the permeate is removed as a vapor from the other. The driving force 
for the process is the low vapor pressure on the permeate side of the membrane generated 
by cooling and condensing the permeate vapor. The attraction of pervaporation is that the 
separation obtained is proportional to the rate of permeation of the components of the 
liquid mixture through the selective membrane. Therefore, pervaporation offers the 
possibility of separating closely boiling mixtures or azeotropes that are difficult to 
separate by distillation or other means. Pervaporation processes are also being developed 
for the removal of dissolved organics fi^om water and for the separation of organic 
mixtures. 
In pervaporation, the pressure difference across the membrane is small, and the 
process is driven by the vapor pressure difference between the feed liquid and the low 
partial pressure of the permeate vapor. 
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Some of the applications of pervaporation include: 
> Removal of water from concentrated alcohol solutions [129] 
> Removal of small amounts of volatile organic compounds (VOCs)from 
contaminated water [130-131] 
> Separation of Organic Mixtures [132] 
3.7. Gas Separation 
Gas separation with membranes is one of the most advanced techniques, in which 
a gas mixture at an elevated pressure is passed across the surface of a membrane that is 
selectively permeable to one component of the feed mixture. The principal development 
was the emergence of industrial membrane gas separation processes in the 1980s with the 
development of the Monsanto Prism membrane for hydrogen separation [133]. Within a 
few years, Dow was producing systems to separate nitrogen from air, and Cynara and 
Separex were producing systems to separate carbon dioxide from natural gas. Gas 
separation technology is evolving and expanding rapidly; fiirther substantial growth will 
be seen in the coming years. A simple representation of gas separation through 
membrane is represented in Figure 1.4. 
Some basic applications of gas separation membranes are: 
> The separation of hydrogen from nitrogen, 
> The separation of argon and methane in ammonia plants; 
^ The production of nitrogen from air; and 
> The separation of carbon dioxide from methane in natural gas operations. 
4. Experimental 
4.1. Preparation of membranes and role of polymer 
Membrane can be prepared by various chemical methods such as: 
>^  Sol-Gel Method 
*^  Slip Coating-Sintering Procedure 
v^  Co-Precipitation 
v^  Combustion Method 
Amongst them, the sol-gel method is the most widely used method for the 
preparation of inorganic membrane. The advantage of this method includes processing at 
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low temperature, mixing at the molecular level and fabrication of novel materials. Sol-gel 
method is used to produce membranes with pores diameters ranging from 10 to 100 A°. 
The sol-gel process involves the formation of a colloidal suspension (sol) and 
gelation of the sol to form a network in a continuous liquid phase (gel) [134-135]. The 
precursors for synthesizing these colloids consist usually of a metal or metalloid element 
surrounded by various reactive Hgands. The starting material is processed to form a sol in 
contact with water or dilute acid. Removal of liquid from the sol yields the gel and the sol 
to gel transition controls the particle size and shape. 
Our attempt was to set up a membrane system of adequate chemical, thennal and 
mechanical stability. So, in order to acquire such membranes, the selection of bmder is 
also of immense important. Binders are employed to allow the adjustment of sol viscosity 
and protect thin layer from cracking during sol-gel transition at drying stage. The increase 
in viscosity was accompanied by a decrease in the surface tension of the binders. Hence a 
binder with low surface tension in the solution is preferred for good adhesion. 
The polymers that are most commonly used as a binder for the production of 
composite membranes are as follows: 
"•^ Polystyrene 
^ Polystyrene sulfonic acid 
•^ Polyvinyl chloride (PVC) 
"^ Polysulphone 
^ Polyamide/polysulphone TFCs 
•^ Polyvinyl alcohol 
-^ Polyacrylamide 
v^  Polyethyleneimine 
v^  Cellulose acetate 
Easily available polystyrene with a low expenditure is found to be an appropriate 
binder, as its cross-linked rigid framework provides adequate adhesion to the cadmium 
tungstate which accounts for the mechanical stability to the membrane over other binders 
like polyvinyl chloride (PVC), cellulose acetate, etc. So, polystyrene blended cadmium 
tungstate results in optimal thermal and mechanical stabilities provided by the inorganic 
part and fiimish good flexibility due to the organic component i.e. polystyrene supported 
cadmium tungstate nanocomposite membrane can be a potential and better candidate than 
many conventional membranes which degrade under harsh conditions frequently 
encountered in various industrial settings. Furthermore, it appears to be efficient and cost-
effective material having solvent resistance and thermal resistance characteristics [136]. 
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Figure 1.4: A basic schematic diagram for gas separation by membrane. 
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Figure 1.5: Formation of polystyrene. 
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Figure 1.6: Preparation of inorganic-organic precipitated membranes. 
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Figure 1.7: An experimental setup for the measurement of membrane potential. 
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There are a large number of potential applications of polymer as a binder in 
membranes for separation. The potential application of a polymer in separation membrane 
depends upon the permeability coefficient of the species that transported more rapidly and 
whose selectivity is as large as possible. In the past 20 years, the permeability and 
permselectivity of membranes has become a subject of strong research with worldwide 
participation in both industrial and academic laboratories. To achieve such control, it is 
necessary to have a good understanding of the relationship between the properties of the 
polymers and their transport properties [137-140]. A schematic flowchart for the 
preparation of the inorganic-organic membranes (Nickel tungstate and nickel carbonate) 
is shown in Figure 1.6. 
4.2. Characterization and structure of the membranes 
With the development of modem instruments it becomes easy to understand the 
structure and chemistry of composite membranes. The thermal stability, surface 
morphology, crystallinity, etc. can be determined by various techniques such as: 
> Fourier Transform Infrared Spectroscopy 
> X-ray crystallography 
y Thermogravimetric analysis 
> Scanning Electron Microscope 
Fourier Transform Infrared Spectroscopy (FTIR) is a molecular 
characterization technique that provides information about the chemical makeup of 
materials. This technique provides a rapid means of functional groups present in ion-
exchange materials. 
X-ray crystallography is a method to figure out the crystalline nature of the 
composite by determining the arrangement of atoms within a crystal, in which a beam of 
X-rays strikes the crystal and diffracts into many specific directions. From the angles and 
intensities of these diffracted beams, a crystallographer can produce a three-dimensional 
picture of the density of electrons within the crystal. From this electron density, the mean 
positions of the atoms in the crystal (crystal structure), lattice spacing and chemical 
bonds as well as their disorder can be determined. 
Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a type 
of testing performed on samples that determines changes in weight in relation to change 
in temperature, the quantity of hydrated water, oxygen content and for monitoring 
decomposition and product fonnation in precursor routes. Such analysis relies on a high 
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degree of precision in three measurements: weight, temperature, and temperature change 
i.e. it measures the thermal stability of the composite material. A simultaneous TGA-
DTA/DSC measures both heat flow and weight changes (TGA) in a material as a 
function of temperature or time in a controlled atmosphere. 
Scanning Electron Microscopy (SEM) is a type of electron microscope that 
images a focused beam of high-energy electrons to generate a variety of signals at the 
surface of solid specimens. The signals that derive from electron-sample 
interactions reveal information about the sample including external morphology (texture), 
chemical composition and crystalline structure and orientation of materials making up the 
sample. In most applications, data are collected over a selected area of the surface of the 
sample, and a 2-dimensional image is generated that displays spatial variations in these 
properties. 
Absorption spectroscopy is an influential non-destructive technique to 
investigate the optical properties of the nano-particles. Details of these experimental 
sections are described in the chapters 2, 3 and 4. 
4.3. Measurement of membrane potential 
The freshly prepared membranes were cemented in a Pyrex glass tube cell having 
two compartments in which a saturated calomel electrode was placed for measuring the 
membrane potential; electrochemical cells of the following type shown in Figure 1.7 
were constructed. The monovalent elecfrolytc solutions of concoifrations ci and C2 were 
filled into the respective compartments of the cell (as shown above) and were vigorously 
stirred with a magnetic stirrer in order to minimize the effects of boundary layers on the 
membrane potential. The experiment was carried out at normal pressure and room 
temperature. 
4.4. Physicochemical studies 
Samples prepared with different amount of polystyrene were immerged in distilled 
water as well as in IM NaCl solution for 24 h to determine the water concentration, 
volume void porosity and swelling of the inorganic-organic composite membrane [141, 
tm]- Their surfaces were wiped with filter paper and then the wet membranes were 
weighed. The thickness of the samples was measured by means of a micrometer screw 
gauge and membrane density for wet membrane was determined by dividing the wet 
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membrane weight by its volume. Following this, these were dried at 100 °C in an oven 
up to constant weight. The weight, thickness and density of dry membranes were also 
estimated in a similar manner. Water content and porosity of the membrane were 
determined in terms of amoxmt of water absorbed by the membrane. 
4.5. Problem statement 
Inorganic-organic hybrid membranes possess better thermal, mechanical, 
electrical and magnetic stabilities which make them advantageous for useful 
environmental applications as well as in many industries such as food, pharmaceutical, 
electronic, etc. So, the main objectives of our work were focused on the synthesis and 
electrochemical studies of such hybrid membranes and their characterization with some 
advanced techniques 
5. Future directions for membranes 
Membrane technology continues to advance owing to its established success in the 
water treatment field. Major problems still needing attention are membrane fouling and 
membrane chemical stability. Reduced fouling would make membranes even more cost 
effective by extending their operational lifetime and lowering their energy requirements. 
Work in this area has focused on surface modification of membranes and increasing the 
pretreatment of the feed water before it reaches the membranes. The chemical stability of 
membranes is also being studied [143]. 
In addition to waste water treatment and desalination, new applications of 
membranes for water purification are being pursued. One example is the purification of 
produced water, which is water generated during gas and oil production [144]. This water 
is contaminated with oils and salts, rendering it inappropriate for advantageous use in 
many cases. Membranes able to remove hydrocarbons and salt could turn produced water 
into an excellent source of water in the often arid regions where oil and gas production is 
most prevalent [145]. 
Overall, the membrane field has advanced immensely. Being economical, 
environmentally Mendly, versatile, and easy to use, membranes are a leading choice for 
water purification applications and should continue to be for many years to come. 
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Synthesis, characterization, physicochemical behavior 
and transport properties of polystyrene incorporated 
calcium tungstate membrane 
1. Introduction 
With a new interest in sustainable development, various chemical industries 
have introduced a variety of successful membrane-based technology modules and 
processes with the potential to reduce the cost and improve the efficiency as well as 
environmental performances of a growing range of purification, separation and energy 
production systems beyond the current benchmarks [1-2]. Although a few membrane 
systems in water purification systems incur higher capital or functioning costs than 
conventional processes (such as evaporation, deep-bed filtration or chemical 
treatment), they are generally able to accomplish superior quality water product, while 
imposing a smaller footprint at plant level. In such membrane processes, ions interact 
with the membrane and water as well as with each other in a complex manner [3]. 
The knowledge of the electro-kinetic behaviour of a membrane could be a 
contributing factor to decide whether the membrane is applicable for a particular 
separation process or not, as the surface charge on an artificial membrane provides a 
noteworthy influence on its separation properties and fouling tendency [4-7]. The 
characteri2ation of the surface charge or surface potential properties of 
microfiltration, ultrafiltration, and nanofiltration membranes are of great interest [8]. 
Furthermore, the applications of membrane technologies have also been expanded to 
many fields where different membranes are employed for different purposes. As for 
example, semi-permeable membranes were utilized to convert osmotic pressure into 
electrical power as well as for converting thermal energy into mechanical work [9]. 
Inorganic membranes were used in reverse and forward osmosis in desalination 
processes [10-12]. 
Mixed matrix membrane (MMM), which is a combination of organic and 
inorganic materials, shows superior selectivity over conventional polymeric 
membranes in gas separation [13, 14]. Such hybrid membrane systems, that consist 
both inorganic and organic components in a given blend ratio, furnish myriad 
noteworthy impacts such as significantly lower energy consumption, lower eco-
environmental impact factors, higher final products quality and good selectivity for 
heavy metals as compared to pure inorganic and organic materials in environmental, 
food, pharmaceutical and scores of other industries. 
Chapter 2 is concerned with the preparation of an inorganic-organic 
nanocomposite membrane by sol-gel process. The determination of ion-exchange 
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capacity, water concentration and volume void porosity of the hybrid membrane as a 
function of the amount of polystyrene (used as a binder) has been described in details. 
Electric potential of the composite membrane, in contact with different monovalent 
electrolyte solutions, has been measured in order to evaluate the thermodynamically 
effective fixed charge density by means of different approaches as proposed by 
Nagasawa et al. [15, 16] and Kobatake et al. [17, 18]. The experimental values of 
potential have also been used to calculate the mobility ratio, transport numbers of 
counter-ions and permselectivity of the polystyrene incorporated calcium tungstate 
hybrid membrane. 
2. Experimental Section 
2d. Reagents and solutions 
Pure sodium tungstate (99.90% purity), sodium chloride, potassiimi chloride 
and ammonium chloride were procured from E. Merck (India) Limited; lithium 
chloride from Loba-Chemie Indoaustranal Co. (India) while calcium chloride 
(99.989% purity) was obtained from S.D. fine Chem Pvt. Ltd. (India). Pure 
polystyrene in crystalline form was acquired from Otto Kemi, Mumbai, India. All the 
reagents used were of analytical grade. Deionised water (water purification systems. 
Integrate; with reverse osmosis (RO) conductivity 0-200 |4,s/cm and ultra pure (UP) 
resistivity 1-18.3 Mft-cm) was used for the preparation of solutions of the above 
compounds. 
2.2. Preparation of membranes 
Inorganic-organic composite membranes, with molecular or nanometre level 
dispersion between inorganic and organic polymers by covalent or hydrogen bonding, 
have been prepared using a sol-gel method. Calcium (II) chloride solution {0.25M) 
was treated with 0.25M solution of sodium tungstate to prepare calcium tungstate 
precipitates. The resulting mixture is stirred well with a magnetic bar keeping the 
temperature constant at 80 °C for 24 h until one-phase solution is formed that goes 
through a solution-to-gel transition. The mixture was adjusted to pH 1.0 by adding 
diluted HCl solution. The resulting white precipitates of calcium tungstate were kept 
overnight in the mother liquor for digestion. After decanting off the supernatant 
liquid, the remaining precipitate was washed with demineralised water to remove any 
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excess reagent of electrolytes and then dried at 100 ± 1 °C for another 24 h. These 
were powdered and sieved through 200 meshes (Granule size < 0.07 mm). 
Pure crystalline polystyrene was also ground to fine powder and sieved 
through 200 meshes. The inorganic precipitates were then mixed with granulated 
polystyrene with the help of a pestle and mortar to get ion-exchange membranes [19, 
20] having a varying percentage (by mass) of polystyrene (15-35%), These 
membranes were used to figure out the changes in their physicochemical behaviour as 
a function of the amount of polystyrene that is blended with the inorganic component. 
The membranes having 25% polystyrene were only selected for electrochemical 
studies. 
2.3. Characterization of the membrane 
2.3.1. Thermal degradation of calcium tungstate nanocomposite 
The degradation process and the thermal stability of the inorganic-organic 
nanocomposite membrane were scrutinized using thermal gravimetric analysis and 
differential thermal analysis (TGA/DTA) (Shimdzu DTG-60H, Japan), operated 
imder a nitrogen atmosphere with a heating rate of 10 °C/min fi"om 25 to 800 °C. 
2.3.2. SEM investigation for membrane morphology 
The electron micrographs of the polystyrene supported calcium tungstate were 
recorded at different magnifications by using a scanning electron microscope (LEO, 
435 VP) instrument Gold sputter coatings were carried out on the desired membrane 
samples at pressures ranging between 1 and 0.1 Pa. Samples were loaded in the 
machine, which was operated at lO'^-lO'^ Pa with EHT 15.00 kV with 300 V 
collector bias. 
1.13. FTItL analysis 
Infrared spectra of the cation-exchange polystyrene supported calcium 
twigstate nanocomposite were recorded on a Fourier transform infrared (FTIR) 
Ijpectrometer fi-om Perkin Elmer (1730, USA) using KBr disc method at room 
temperature. 
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2.3.4. X-Ray diffraction 
For crystaliographic investigation, X-ray diffraction was performed with a 
Rigaku Miniflex X-ray diffractometer by employing a monochromatic X-ray beam 
with calcium-filtered Cu Ka radiation and setting the diffraction angle at between 20° 
and 80°. PowderX and Origin 6.1 softwares were used to analyse the spectrum. 
2.3.5. Ion Exchange Capacity: 
The ion-exchange capacity of the various samples of calcium tungstate with 
varying amoimt of polystyrene was determined by column (0.5 cm, internal diameter) 
operation. The ion-exchanger, in the hydrogen form, was placed in the column with 
glass wool support; and a 0.1 mol L~' solution of sodium nitrate solution was used as 
the eluent. The flow rate was maintained at 1.0 mL min'. The H^ ions content of the 
effluent was then determined by titrating against a standard solution of 0.1 mol L^  
sodium hydroxide. 
2.3.6. Water concentration, volume void porosity and swelling 
In order to determine the water concentration, void porosity and swelling of 
the inorganic-organic composite membrane, different samples prepared with different 
quantity of polystyrene were immerged in distilled water as well as in 1M NaCl 
solution for 24 h [21, 22]; their surfaces were wiped with filter paper and then the wet 
membranes were weighed. The thickness of the samples was measured by means of a 
micrometer screw gauge and membrane density for wet membrane was determined by 
dividing the wet membrane weight by its volume. Following this, these were dried at 
100 °C in an oven up to constant weight. The weight, thickness and density of dry 
membranes were also estimated in a similar maimer. Water content and porosity of 
the membrane were determined in terms of amount of water absorbed by the 
membrane. 
2.4. Measurement of membrane potential 
The freshly prepared inorganic-organic nanocomposite membrane was 
cemented in a Pyrex glass tube cell, which consists of two compartments each 
containing a saturated calomel electrode, in order to use it for measuring the 
membrane potential. The schematic diagram of the constructed electrochemical cell of 
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Figure 2.1: Diagram depicting measurement of membrane potential. 
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this type is shown in Figure 2.1. The monovalent chloride electrolytes of 
concentrations Ci and cz, contained in both the compartments of the celt, were 
vigorously stirred using a magnetic stirrer so as to minimize the effects of boundary 
layers on the membrane potential. A digital potentiometer was used to measure the 
membrane potential /mV±0.5. The experiment was conducted at room temperature 
and atmospheric pressure. 
3. Results and discussion 
3.1. Membrane characterization 
The combined TG-DTA curves of the pure inorganic compound (calcium 
tungstate) as well as the nanocomposite are depicted in Figure 2.2. The TGA 
measures the weight loss of a material caused by a simple process such as drying, or 
from more complex chemical reactions that liberate gasses, such as structural water 
release, structural decomposition, etc. while the DTA curves depict the transitions at 
which the heat is either absorbed or released (dehydration, burning of materials, 
ordering etc.). 
It is comprehensible from the TGA curve that no appreciable weight loss was 
observed in case of the pure calcium tungstate having an initial mass of 9.083 mg, 
except a very small weight loss of about 2% up to a temperature of 200 °C which may 
correspond to the removal of water molecules adsorbed by the compound, thereby 
indicating its exceptional high thermal stability up to a temperature of 800 °C (Figure 
2.2a). The TG-DTA curve for the polystyrene blended calcium tungstate 
nanocomposite membrane, as shown in Figure 2.2(b), demonstrates a very small 
weight loss of less than 2% within a temperature range from 80 to 200 °C and is 
attributed to the loss of absorbed water molecules in the membrane matrix. A second 
well defined weight loss of 26.56% in the temperature range of 200 to 450 °C 
corresponds to the decomposition of the polymer (polystyrene) in the inorganic-
organic composite membrane, whereby the midpoint of decay is observed at 415.84 
°C as shovra in the TGA curve. The DTA curve reveals an exothermic peak (heat 
energy release) at 500 °C which may be attributed to the transition of the substance to 
oxide [23]. 
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incorporated calcium tungstate composite. 
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SEM investigation had been carried out to figiure dift fiie surface texture, 
homogeneity and cracks of the prepared inorganic-organic nanocomposite membrane. 
The electron micrographs of polystyrene blended calcium timgstate composite 
membrane (Figure 2.3) reveal the surface morphology and the homogeneity in 
mixing the organic and inorganic substrates. The surface micrograph (Figure 2.3a) of 
the composite membrane reveals the surface thickness as 10 \im. The cross-sectional 
SEM image of calcium tungstate composite membrane is shown in Figure 2.3b; the 
thickness is approximated to 20 \xm. The porous nature of the membranes is clearly 
exposed in the images. From all the SEM views, no visible cracks and phase 
separation can be seen in the membrane surface, suggesting that the synthesized 
inorganic-organic composite film is homogeneous in nature and hence forms a dense 
membrane. 
The FTIR spectra (Figure 2.4) for piu^ e calcium tungstate and its composite 
membranes show a relatively negative shift in the case of composite as compared to 
the free polystyrene or metal salts. For the pure calcium tungstate (Figure 2.4a), the 
wide and broad absorption band at around 788 cm"' corresponds to the v(O-W-O) 
stretching mode and the absorption band at 1637 cm" is assignable to the stretching 
mode of terminal W=0 [24]. The absorption broad peak near 3484 cm"' may be 
attributed to the v(0-H) stretching mode of the non-bonding water molecules which 
are adsorbed on the surface. The FTIR spectrum of the polystyrene supported calcium 
tungstate composite membrane is depicted in Figure 2.4b which reveals the shifting 
of the v(C>-W-0) stretching mode to 806 cm"' and a slight increase in the stretching 
mode of terminal W=0 to 1644 cm"' which may be because of the resonance as well 
as electronic effect possible in the timgstate ion and the interaction with the polymer 
matrix. 
The weak peak at 1600 cm"' indicates the presence of phenyl group of 
polystyrene in the organic part. The polystyrene backbone of the composite also 
exhibit characteristic frequencies of aromatic ring at 698, 1024, 1453, 1493 and 2919 
cm"' in the inorganic-organic hybrid; the stretching bands between 2851 and 2919 cm" 
' are attributed to the aliphatic C-H groups and the peak at 3026 cm"' corresponds to 
the aromatic C-H groups which are present in the organic binder. A broad adsorption 
band is still observed at a frequency of 3443 cm"' which may be assigned to the 
adsorbed non-bonding water molecules. 
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Figure 2.3: Scanning electron micrographs of polystyrene supported calcium 
tungstate composite membrane: (a) surface image (b) cross-sectional SEM 
image. 
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Figure 2.4: Fourier-transform infrared spectra of (a) pure calcium tungstate and 
(b) polystyrene blended calcium tungstate composite. 
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The presence of sharp peaks in the X-Ray dififractogram (Figure 2.5) of the 
polystyrene supported inorganic nanocomposite membrane indicates its crystalline 
nature. The peak-width may be correlated to the size of crystallographic perpendicular 
planes by Debye-Scherrer formula (Eqn. 1), which has been used to estimate the 
crystallite size (D) from the corresponding X-ray spectral peak. 
D = O.9A/ficos0 (1) 
Here, A istheX-ray wavelength (1.54060 x 10''° m) of the incident light, /3 is the full 
width at half-maximum (FWHM) which is the peak width at half of the total peak 
height of the compound and 6 is the peak diffraction angle.The XRD patterns of 
calcium tungstate composite crystal show a broad peak at 28°. The average crystal 
granular size of the calcium tungstate nano-particles, calculated from the most intense 
peak using Eqn. 1, was found to be 15.8 nm. 
3.2. Effect of binder on functional properties 
The amount of polystyrene that is to be blended with calcium tungstate for the 
fimctional and fransport studies of the membranes was determined by trial. The 
membranes with 25% organic binders were foimd to be quite stable and gave best 
results although the membranes containing 20-35% organic polymer were also stable. 
Water content of the polystyrene blended calcium tungstate membranes is 
calculated in terms of water concenfration (in mol/dm^) in the membrane phase [22] 
by the following equation: 
K={^^^^^>P. (2) 
where, W"\s, the water content in terms of the concentration of water in the 
membrane, w^ is the weight of the wet membrane and w^ the dry membrane weight; 
p^ is the density of wet membrane, and A/^ the molar mass of water (18 g/mol). 
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Figure 2.5: X-Ray diffractogram of polystyrene supported calcium tungstate 
membrane. 
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Volume void Porosity (T„) , which is the volume of free water within 
membrane per unit volume of wet membrane of the composite membrane, is 
calculated by [25]: 
^V 
Here, A F represents the volume increase of the membrane upon absorption of the 
water per unit of dry membrane volume which is figured out by Eqn. 4: 
where, p^ is the density of the dry membrane and p^ the density of water which 
enters into the membrane. 
Swelling is estimated as the difference between the average thickness of the 
membrane equilibrated with IM NaCl for 24 h and the dry membrane. 
The amount of the organic binder, used for blending, has a substantial effect 
on the functional properties of the inorganic membrane. The water content in terms of 
water concentration and volume void porosity of the polystyrene blended calcium 
tungstate membrane, calculated by using Eqn. (2) and Eqn. (3), were found to 
decrease in the same manner with increase in the blend ratio of binder owing to 
decrease in interstitial volume (Figure 2.6a and b). 
All the investigated membranes of calcium showed a negligibly small swelling 
when immersed in NaCl solution for 24 h. The narrow pore size distribution of the 
membranes increases the difiPusive resistance and would enable a precise control over 
molecular transport. The low order of water concentration and volume void porosity 
with negligible swelling of the membrane also suggests that the mterstices are 
negligible and that the diffusion across the membrane would occur mainly through 
exchange sites. 
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Ion-exchange capacity indicates the density of ionisable hydrophilic groups in 
the membrane matrix, which are responsible for the ionic conductivity in the ion-
exchange membrane. The resuh of the ion-exchange capacity of different samples of 
calcium tungstate (Figure 2.6c) reveals that the ion-exchange capacity decreases with 
increase in the amount of the polystyrene that is blended with calcium tungstate. The 
values of ion-exchange capacity indicate that calcium timgstate behaves as a weak 
cation-exchanger. 
All the investigated membranes of calciiun showed a negligibly small swelling 
when immersed in NaCl solution for 24 h. The narrow pore size distribution of the 
membranes increases the diffusive resistance and would enable a precise control over 
molecular transport. The low order of water concentration and volume void porosity 
with negligible swelling of the membrane also suggests that the interstices are 
negligible and that the diffusion across the membrane would occur mainly through 
exchange sites. 
Ion-exchange capacity indicates the density of ionisable hydrophilic groups in 
the membrane matrix, which are responsible for the ionic conductivity in the ion-
exchange membrane. The result (Figure 2.6c) of the ion-exchange capacity of 
different samples of calcium tungstate reveals that the ion-exchange capacity 
decreases with increase in the amount of the polystyrene that is blended with calcium 
tungstate. The values of ion-exchange capacity indicate that calcium timgstate 
behaves as a weak cation-exchanger. 
3.3. Membrane potential 
When electrolyte solutions (KCl, NaCl, LiCl and NH4CI) of different 
concentrations are separated by a membrane, an electrical potential difference 
develops across the membrane due to the charge developed on the membrane surface 
because of the diffusion of oppositely charged ions through it with different 
mobilities. This charge plays an important role in the absorption and transport of 
simple electrolytes in natural and artificial membranes [26] and imparts some 
important electrodiemical properties to the membrane, the most important being the 
differences in the permeabilities of co-ions, counter ions and neutral molecules. The 
quantity of charge required to generate the potential is small, especially when dilute 
solutions are used. Membrane potential was measured for different calcium tungstate 
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composite membranes equilibrated with various monovalent electrolyte solutions of 
concentrations ranging between 1 and 0.007 mol dm"^ . 
The membrane potential y/^ data obtained with tungstate composite 
membrane of calcium using various xmi-univalent electrolytes are plotted as a 
ftmction of -log C where C = (c, + c^ ) / 2 is the average concentration with the ratio 
yi^CjIc^) fixed at 10 (Figure 2.7). The magnitude of the membrane potential is 
dependent on many factors such as applied pressure at the membrane preparation 
stj^e, concentration of electrolyte solutions used, the counter-ion to co-ion mobility 
ratio, the exchange characteristics of the membrane material for various cations. It 
was observed that the calcium tungstate composite membrane prepared at higher 
applied pressure exhibited higher membrane potential for a fixed C2/C1. The values of 
membrane potentials observed across calcium tungstate membrane in contact with 
various monovalent electrolytes (as represented in Table 2.1) reveals the potential 
order to be Li* > NH4* > K* > Na^ 
The higher membrane potential observed in case of LiCl for calcium tungstate 
membrane may be due to the fact that Li* ions are not thermodynamically favoured in 
the tungstate membrane phase as the Stoke radii of their hydrated cations (2.4 x 10''^ 
m for Li*) are higher than those of other cations such as K*(1.3 x ic'^m), Na*(l.8 x 
10"'*^  m), etc. and partially hydrated cations transfer in the case of calcium tungstate 
membrane and permselectivity persists to higher immersion concentrations because 
the lithium salts do not cause Nemst breakdown [27]. 
It was observed, during the experiment, that the membrane potential increased 
with time up to a maximum value and then decreased gradually. Such variation was 
also reported by other workers [28]. The time taken for the attainment of maximum 
potential is found to be concentration dependent, more time being required for 
concentrated solution, and it differs with different electrolytes. 
Membrane potential has been regarded as a measure of membrane selectivity 
for a long time. The measurement of ion activity by means of a membrane electrode is 
most successful in the concentration range over which the membrane behaves as 
ideally permselective and obeys the Nemst equation. 
63 
50 
45-
40 
— 35 
.2 
c 
<u 
P 30 
QL 
0) 
I 2S 
E 
Qi 
^ 20-
15 
• • — K C ( 
-•—NaCI 
-*— LiCI 
- * - NH^C 
—1 , 1 1 1 1 1 1 1 1 1 1 1 1 1 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
-logC 
Figure 2.7: Membrane potentials, ^„ /niV±0.5 against -log C across calcium 
tungstate composite membrane equilibrated with various monovalent 
electrolytes. 
64 
Table 2.1: Values of observed membrane potential {y/„) /mV±0.5 across calcium 
tungstate composite membrane in contact with various monovalent electrolytes 
and its calculated values of t^ and (o at different concentrations. 
ft Electrolyte 
I L H M K 
KCl 
NaCl 
LiCI 
NH4CI 
1 
C2/C1 (mol/dm^ 
1/0.1 
0.7/0.07 
1 0.5/0.05 
0.25/0.025 
0.1/0.01 
0.07/0.007 
1/0.1 
0.7/0.07 
0.5/0.05 
0.25/0.025 
0.1/0.01 
0.07/0.007 
1/0.1 
0.7/0.07 
0.5/0.05 
0.25/0.025 
0.1/0.01 
0.07/0.007 
1/0.1 
0.7/0.07 
0.5/0.05 
0.25/0.025 
0.1/0.01 
0.07/0.007 
V'^CmV) 
19.8 
20.3 
22.3 
27.7 
36.7 
42.1 
18.5 
19.3 
20.5 
25.2 
34.9 
41.1 
20.8 
22.3 
24.1 
28.2 
41.1 
46,2 
21.1 
21.8 
22.6 
26.2 
39.0 
43.6 
K 
0.667 
0.672 
0.689 
0.735 
0.811 
0.856 
0.656 
0.663 
0.674 
0.713 
0.795 
0.848 
0.676 
0.689 
0.704 
0.739 
0.848 
0.891 
0.678 
0.685 
0.691 
0.722 
0.830 
0.869 
2.01 
2.05 
2.22 
2.77 
4.28 
5.96 
1.91 
1.97 
2.07 
2.48 
3.89 
5.56 
2.09 
2.22 
2.38 
2.83 
5.56 
8.17 
2.11 
2.17 
2.24 
2.59 
4.89 
6.65 
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An ideally permselective membrane is one in which the permeability for co-
ions is negligible as compared to that for counter-ions. The deviation from Nemstian 
behaviour is due to the co-ion transference [35] and the dependence of the exchange 
of cations between the solution and the membrane phase and on the electrolyte 
concentration. 
The data in Table 2.1 show that the potential values increase with decrease in 
concentration of all the tested 1:1 electrolyte solutions and are of the order of positive 
mV indicating that the membrane is negatively charged i.e. cation selective. The 
selectivity increases with decrease in the concentration because of the structural 
changes occurring in the electrical double layer at the membrane-solution interface. 
The increase in selectivity with dilution is also supported by the increasing values of 
the counter-ion transport numbers, t^ (Table 2.1). But in case of some 2:1 and 3:1 
electrolytes, the selective character of ion-exchange membrane is reverse i.e. anion 
selective [29, 30]. This change in the selectivity of the membrane might have been 
caused by the adsorption of multivalent ions leading to a state where net positive 
charge is left on the membrane surface making it anion selective. 
When an ionic gradient is maintained by using two solutions of different 
concentrations of same electrolyte on both sides of the membrane, the mobile species 
infiltrate the membrane at different magnitudes inducing various transport phenomena 
into the system, including the development of potential across it. The influence is 
greater in case of counter-ions than in the co-ions.The ratio of the molar mobilities of 
the cation and anion ' M^  /M_ ' is defined as the mobility ratio (co) of the membrane. 
The values of the mobility ratio calculated for calcium tungstate composite membrane 
are also represented in Table 2.1. The values of co in the membrane phase were 
found to be increasing with decrease in concentration for all the monovalent 
electrolytes used (KCl, NaCl, LiCl and NH4CI). The high mobility is attributed to 
higher transport number of comparatively free cations as compared to the anion of salt 
electrolytes. 
3.4. Fixed charged density, transport number and permselectivity of the membrane 
The fixed charge densities of the calcium tungstate composite membrane have 
been calculated from the measured potential data by using different approaches 
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suggested by Nagasawa et al. [15, 16] and Kobatake et al. [17. 18. 31]. When a 
negatively charged membrane is imposed between two solutions of a monovalent 
electrolyte of unequal concentrations C) and ca (c2>ci), the observed membrane 
potential, y/„ is related with electrolyte concentration by the following equation f l."^ |: 
F y-\ 2 Cj 
Here, (j>X is the effective fixed charge density of the negatively charged membrane. 
Eqn. (5) indicates that the plot of i(/„ against 1/ci will be linear (shown in Figure 2.8) 
with a slope equal to —(—^)(—)from which the values of ^ f o r different 
F y-X 2 
electrolytes have been evaluated. The calculated values are represented in Table 2.2. 
Another widely accepted approach to calculate the fixed charge density was 
derived by Kobatake et al [18, 31] who suggested that when two solutions of an 
electrolyte of different concentrations ci and C2 separated a membrane, the inverse of 
the apparent transport number of the anion, /.^ ^^  in a high salt concentration range 
could be expressed by the following equation [32]: 
1 ., «fr-l) (H.) (6) 
^-app l - « (y-a)y\ny c, 
Here, a is the ratio of molar mobility of cation to the sum of molar mobilities of 
cation and anion, 6X^ is the effective fixed charge density of the membranes under 
investigation and ci (in mol/dm )^ the concentration of the monovalent electrolyte in 
the lower concentration side of the cell. 
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Figure 2.8: Potential values, y/^ /mV±0.5 plotted against 1/ci (dm /mol) of 
polystyrene blended calcium tungstate composite membrane for different salt 
electrolytes. 
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Table 2.2: Comparison of the values of the effective fixed charge densities, 
calculated from different methods, of the polystyrene blended calcium tungstate 
composite membranes in contact with various monovalent electrolytes. 
Electrolyte KCl NaO LiCl NII4O 
fCxlO^ 1.19 1.21 1.35 1.26 
i- ] 
^ ^ x l O ^ ^ 4.58 4.46 8.10 5.66 
xio^ - 5.82 5.53 9.22 6.97 
_J 
' with the slope of Figure 2.8 # with the slope of Figure 2.9 ® from the value of log C of Figure 2.10 
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The apparent transport number of the anion /_ is defined by the Nemst equation 
^f„={RTIF){\~lt_^\n (7) 
Eqn. (6) indicates that the values of a and 6X^ can be evaluated by using the values 
1 a(r-l) — 
of intercept (:; ) and slope ( ^—6X^) from the linear plot of 
l-a (1 - ayy In }" 
1/^ opp against 1/c, (Figure 2.9). The calculated values of the fixed charge densities 
0X^ of the polystyrene blended calcium timgstate composite membrane are also 
given in Tabie 2.2. The fixed charge density of the hybrid membrane under different 
electrolytic environments is found to be in the order LiCl > NH4CI > KCl > NaCl. 
For the evaluation of the transport number of the counter-ion in the membrane 
phase, the following method has been applied. When the effective concentration of 
ion-exchange site of the membrane is much lower than electrolyte concentration (Q, 
the membrane potential, V^ ^^ and the electrolyte concentration are related by the 
following equation [33, 34]: 
¥.=^RTIF) (2/f -1) hi r + ^ ^2Lil (1 - /; X — 
r Cx 
(8) 
where /" is the counter-ion transport number and X is the concentration of fixed 
charge in the membrane phase. Eqn. (8) indicates that the intercept and slope of a 
linear plot between y/„ and 1/c, at a fixed ;' allow the values of r^ and Xto be 
determined. The same plot in Figure 2.8 has been used but with different slopes and 
intercepts which are in accordance with Eqn. (8). 
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Figure 2.9: Plots of l/r_^ p^  against l/c, (dm /mol) for polystyrene based calcium 
tungstate membrane using various electrolytes. 
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The calculated values of r" and X are listed in Table 2.3. The /" values are 
found to be proportional to the values of X i.e. they change in the same manner. The 
results show that the counter-ion transport numbers follow the order Li^  > NH4* > K^ 
> Na"^  in the tungstate membrane. The calculated values also reveal that for the same 
concentration, the investigated tungstate membrane is more cation selective towards 
Li* ions as selectivity is proportional to counter-ion transport number. Furthermore, 
the tungstate membrane exhibits moderate selectivity towards all cations in the 
electrolytes, as suggested by the values given in Table 2.3. 
Ion selectivity of an ion-exchange membrane can also be expressed as a 
function of permselectivity, Ps which is defined as a measure of preferential 
permeation of counter-ions inside the membrane as compared to solution (outside the 
membrane). Applying approaches proposed by HelfFerich [35], permselectivity has 
been calculated by the following equation: 
W" -t ) p = Mi_Jii (9) 
Here, /" and /^  are the true transport nimibers of the counter-ion in the membrane 
and solution respectively. The permselectivity arises because of the nature of the 
membrane for inequity between counter-ions and co-ions. Such type of discrimination 
arises as a result of the nature and magnitude of the charge, the so-called 
concentration of fixed charge on membrane surface (X), that is associated with the 
membrane matrix. Xcan be expressed in terms of permselectivity, Ps by the following 
equation [36]: 
2CP X= : ' (10) 
The calculated values of Ps are plotted against log C of the polystyrene blended 
calcium tungstate membrane for different monovalent electrolytes (Figure 2.10). The 
decline in permselectivity values with the increase in electrolyte concentration may be 
due to the reduction of the Donnan exclusion. 
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Table 2.3: Calculated values of the parameters, /^  (counter-ion transport 
numbers in the membrane phase) and X for polystyrene incorporated calcium 
tungstate membrane with different electrolytes. 
0.6600 
0.0163 
0.6459 
0.0162 
0.6683 
0.0188 
0.6634 
0.0174 
Eqn. (8) with 
Figure 2.8 
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Figure 2.10: Permselectivity (Pg) against log C for polystyrene supported calcium 
tungstate membrane with different monovalent electrolyte salts. 
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It was also suggested that the fixed charge density of a membrane could be 
calculated from the data of permselectivity [37]. The mass fixed transference number 
of anion, r_ in the membrane is given by the equation: 
1 V 4 ^ + l + l n v 
T_=\-a , ^ (11) 
V4^'+l + (2a-l) 
where f = -^= and a = — 
OX u,+u_ 
Here, the product 6X is termed as the thermodynamically effective fixed charge 
density of the membrane. 
It was observed that the difference between r_ and t_^pp was less than 2% in a 
wide concentration range when the average concentration (ci+C2)/2 was replaced by C 
[18]. Eqn. (11) should remain applicable even if C is replaced by (ci+C2)/2 and r_ 
hyt_^pp. So Eqn. (11) can be rearranged in the following form: 
1 ^-app « ^p^ (12) 
^[^fT\ a-(2«-l)(l-r_^) 
Here P^ is the permselectivity of the membrane-electrolyte system the value of which 
can also be calculated from the membrane potential data by inserting the values of a 
andt_gpp. Eqn. (12) indicates that if Ps= 1, then the transport number of the co-ions 
(/_^p) is zero i.e. the membrane is perfectly selective; while if Ps = 0, then 
f-app = 1 - <3r i.e., anions behave as in the bulk solution or as in a membrane having no 
fixed charge. It is evident from the left hand side of Eqn. (12) that when C becomes 
equal to OX, P^ attains the value of 1 / Vs or 0.447. The value of C corresponding to 
which Ps = 0.447 will give the value of the fixed charge density (0X). The values of 
the fixed charge densities calculated from the plots of P^ against log C (Figurt- 2.10) 
for various calcium tungstate membrane-electrolyte systems are also represented in 
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Table 2.2. The data in Table 2.2 and Table 23 show that the fixed charge density is 
highest for LiCl and lowest in case of NaCl for the same electrolytic concentration, 
indicating that the polystyrene blended calcium tungstate membrane is more cation 
selective towards Li^  ions. The same result has also been explained in terms of 
counter-ion transport numbers. 
4. Conclusion: 
The physicochemical properties of calcium tungstate membrane are found to 
be affected by the amount of polystyrene that is blended with it. The water content in 
terms of water concentration and volume void porosity are found to be low and 
decrease with increase in the percentage of the organic binder. The inorganic-organic 
composite membrane behaves as a weak cation-exchanger and its exchange capacity 
decreases abruptly with increasing amount of polystyrene. 
Furthermore, the amount of polystyrene that is to be incorporated does give an 
effect on the stability of the hybrid membranes; the calcium tvingstate membranes 
prepared with 20-35% polymer are found to be stable but membranes prepared by 
embedding 25% polystyrene are very stable and give best reproducible resuhs in the 
electrochemical studies while with higher or lower than this range, the membranes are 
found to be less stable i.e. fragility increases. 
The counter-ion transport numbers, permselectivity and effective fixed charge 
densities are found to be in the order LiCl > NH4CI > KCl > NaCl for the same 
electrolytic concentration indicating that calcium tungstate membrane is more cation-
selective towards Li^  ions. Moreover, the values of fixed charge densities calculated 
by different approaches are found to be in close agreement. 
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CM APT0R 3 
Influence of monovalent electrolytes on the 
electrochemical behaviour of cadmium tungstate 
nanocomposite membrane 
1. Introduction 
Ongoing research has gradually acknowledged and understood the importance 
of synthetic membranes and their employment on a large industrial scale due to a 
numerous number of practical applications [1, 2]. The magnificent properties of 
inorganic membranes provide a set of tools for solving many of the problems that the 
society is facing, from environmental to energy problems and from water quality to 
more competitive industries [3-7]. Such a wide variety of issues requires a 
fundamental strategy, together with the specific description of applications provided 
by those researchers that have been close to the industrial applications. In many 
applications such as water desalination and purification, the membrane processes 
compete directly with the more conventional water treatment techniques. However, 
compared to these conventional procedures, membrane processes are often more 
energy efficient, simpler to operate and yield a higher quality product. 
Inorganic-organic nanocomposites, a rapidly emerging and promising 
research field, demonstrate the possibility to control the hydrophobic or hydrophilic 
micro-domain, surface charges and porosity for designing cation selective ion-
exchange membranes of new generation. Such hybrid materials show the attractive 
properties of a mechanically and thermally stable inorganic backbone and the specific 
chemical reactivity as well as flexibility of the organic component [8-11]. The 
membrane systems prepared by such hybrids provide numerous remarkable impacts 
such as significantly lower eco-environmental impact factors, higher final product 
quality, good selectivity for heavy metals, etc. as compared to the pure inorganic as 
well as organic materials in a variety of industries. 
In recent times, it was proposed by many researchers to use inorganic-organic 
nanocomposite membranes as a substitute to Nafion membrane for fiiel cell 
applications because of their high water retention capacity at elevated temperature as 
well as their comparable physicochemical and electrochemical properties to the 
Nafion which possesses superior stability and conductivity [12-14]. The present 
chapter represents the resuhs of our overall exploration on membrane performance of 
polystyrene grafted cadmium tungstate nanocomposite, synthesized through a sol-gel 
route, as reflected by its physicochemical properties, transport number, 
permselectivity and electrochemical properties. Both the pure cadmium tungstate 
membrane and polystyrene incorporated cadmium tungstate membrane have been 
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studied to figure out the changes in their properties such as water content, porosity, 
crystalline nature, etc as a function of the amount of the binder. 
For a further investigation of the cadmium tungstate nanocomposite 
membrane blended with polystyrene, its effective fixed charge density, which is 
considered as the most valuable parameter controlling the membrane phenomena, has 
been evaluated from the experimental membrane potential values by means of 
different methods put forwarded by many researcher groups [15-19]. 
2. Experimental section 
2.1. Reagents and preparation of cadmium tungstate membranes 
Deionised water (water purification systems, integrate; with reverse osmosis 
(RO) conductivity 0-200 (As/cm) was used to prepare all solutions of the reagents, 
which are of analytical grade. Pure sodium chloride, potassium chloride and 
ammonium chloride were obtained fi"om E. Merck (India) Limited while lithium 
chloride fi-om Loba-Chemie Indoaustranal Co. (India). The working solutions of the 
electrolytes (KCl, NaCl, LiCl and NH4CI) of the required concentrations were 
prepared by appropriately diluting their stock solutions. Inorganic-organic 
nanocomposites have been prepared by sol-gel method. Cadmium (II) chloride (from 
Qualigens Fine Chemicals, Mumbai with 90.978% purity) solution (0.25 M) was 
reacted with 0.25 M solution of sodium tungstate (99.90% purity and obtained from 
E. Merck) to prepare the white cadmium tungstate precipitates by the method that had 
been described in our earlier reported work [20, 21]. Such membranes were used to 
understand the changes in their physicochemical behaviour as a function of the 
quantity of polystyrene that is blended with the inorganic component while 
membranes having 25% polystyrene were only selected for transport studies. 
2.2. Instruments and membrane characterization 
A digital potentiometer model 118 (Electronics India) was used for measuring 
the membrane potential. A Shimadzu TG/DTA simultaneous measuring instrument, 
DTG-60H (Kyoto, Japan) was used for thermogravunetric analysis (TGA) and 
differential thermal analysis (DTA). Infiared (IR) spectra were recorded on a Fourier 
transform infi-ared (FTIR) spectrometer fi-om Perkin Elmer (1730, USA), using KBr 
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disc method, operating under a nitrogen atmosphere with a heating rate of 10 °C/min 
from 25 to 800 °C. 
A Rigaku Miniflex X-ray diffractometer was utilized for crystallographic 
investigation by employing a monochromatic X-ray beam with calcium-filtered Cu 
Ka radiation and setting the diffraction angle at between 20° and 80°. Optical 
absorbance spectra of the samples were obtained using Perkin-Elmer UV-visible 
spectrophotometer^ scanning electron microscope (LEO, 435 VP) instrument, with 
gold sputter coatings, operating at 10"^ -10~^ Pa with EHT 15.00 kV with 300 V 
collector bias was used for the electron micrographs for figuring out the 
morphological structure of the inorganic-organic nanocomposite membrane. 
2.3. Water uptake, volume void porosity and swelling 
Different samples of the inorganic-organic nanocomposite membranes 
prepared with different quantity of polystyrene were immerged in distilled water as 
well as in 1 M NaCl solution for 24 h to figure out water content in terms of water 
concentration, void porosity and swelling [22, 23]. Their surfaces were wiped with 
filter paper and then the wet membranes were weighed. 
The thickness of the samples was measured using a micrometer screw gauge 
and membrane density for wet membrane was determined by dividing the wet 
membrane weight by its volimie. Subsequently, they were dried at 100 °C in an oven 
to constant weight. The weight, thickness and density of dry membranes were also 
estimated in the same way. Water content and porosity of the membrane were 
determined in terms of amount of water absorbed by the membrane. 
2.4. Ion Exchange Capacity 
The ion-exchange capacity of the various samples of cadmium tungstate with 
different amounts of polystyrene was determined by column (0.5 cm, internal 
diameter) operation. The ion-exchanger in the \C form was placed in the column with 
glass wool support; and a 0.1 mol L~' solution of sodium nitrate solution was used as 
the eluent. The flow rate was maintained at 1.0 mL min~'. The H^ ions content of the 
effluent was then determined by titrating against a standard solution of 0.1 mol L 
sodium hydroxide. 
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2.5. Chemical Stability 
ASTM D543-95 method [24] was used to test the chemical stabihty of the 
inorganic-organic nanocomposite membranes. The membranes were exposed to a 
number of media commonly utilized such as H2SO4, NaOH, K2Cr207, HNO3, etc. The 
membranes were scrutinized after 24, 48 and 168 h, analyzing variation in color, 
texture, splits, holes, bubbles, brightness, decomposition, curving and stickiness. 
2.6. Measurement of potential 
The freshly prepared inorganic-organic nanocomposite membrane was 
cemented in a Pyrex glass tube cell having two compartments in which a saturated 
calomel electrode was placed for measuring the membrane potential; the schematic 
diagram of the constructed electrochemical cell of this type is shown in Figure 3.1. 
The monovalent chloride electrolytes of concentrations ci and C2, in both the 
compartments of the cell were vigorously stirred by a magnetic stirrer to minimize the 
effects of boundary layers on the membrane potential (mV ± 0.5). The experiment 
was conducted at room temperature and atmospheric pressure. 
3. Results and discussion 
3.1. Synthesis of membrane and effect of binder on Us physicochemical properties 
Our attempt was to set up a membrane system of adequate chemical, thermal 
and mechanical stability. So, in order to acquire such membranes, the selection of 
binder is also of immense important. Easily available polystyrene is found to be an 
appropriate binder, as its cross-linked rigid framework provides adequate adhesion to 
the cadmium tungstate which accounts for the mechanical stability to the membrane 
over other binders like polyvinyl chloride (PVC), cellulose acetate, etc. 
So, polystyrene blended cadmium tungstate results in optimal thermal and 
mechanical stabilities provided by the inorganic part and ftimish good flexibility due 
to the organic component i.e. polystyrene supported cadmium timgstate 
nanocomposite membrane can be a potential and better choice than many 
conventional membranes which degrade under harsh conditions frequently 
encountered in various industrial settings. Furthermore, it appears to be efficient and 
cost-effective material having solvent resistance and thermal resistance characteristics 
[25]. 
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Figure 3.1: Schematic diagram representing measurement of membrane 
potential. 
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The synthesized inorganic-organic nanocomposite membrane was also tested 
for chemical resistance in acidic, alkaline and strong oxidant media. In acidic (1 M 
H2SO4) and alkaline (1 M NaOH) media, few considerable changes were observed 
after 24, 48, and 168 h, indicating that the membrane is effective in such media. In 
strong oxidant media like K2Cr207, however, the synthesized membrane became 
fragile after 48 h, losing its mechanical resistance. 
Different amounts of polystyrene (15-35%) have been blended with the 
inorganic compound resulting in various blend ratios. The membranes with 25% 
organic binder are found to be quite stable and fiimish reproducible results; higher or 
lower than this quantity of polystyrene results in decrease in stability. Membranes 
prepared in this way did not show any dispersion in water or in other electrolyte 
solutions. They were subjected to microscopic and electrochemical studies for 
figuring out cracks and homogeneity of the surface; only those membranes that had 
smooth surface and generated reproducible potentials were assured by careftilly 
controlling the conditions of fabrication for fiirther studies. 
Volume fraction of water (<p^) of the membrane is evaluated by the relation: 
Aw/p^+wjp^ 
Here, Aw(= w^-Wj) is the weight difference between wet and dry membranes, p^ 
and p„ are the densities of water and membrane, respectively. Water content of the 
pure cadmium tungstate as well as polystyrene-cadmium tungstate samples with 
different quantities of polystyrene are determined in terms of water concentration (in 
mol/dm )^ in the membrane phase [26] by the following equation: 
^"=i^^^'^)^P. (2) 
where Wf is the concentration of water in the membrane and M^ is the molar mass 
ofwater(18g/mol). 
The volume of free water within membrane per unit volume of wet membrane 
of the composite membrane, defined by Volume void porosity (r„), is evaluated by 
the relation [27]: 
AV 
^ - 1 7 ^ (3) 
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Here, A F symbolizes the volume increase of the membrane upon absorption of the 
water per unit of dry membrane volume which is evaluated by the 
relation: AF = ^^ -^ !^  ilBd_^ where p^ is the density of the dry membrane and p^ 
the density of water which enters into the membrane. 
The water content in terms of water concentration and volume void porosity of 
the polystyrene blended cadmium tungstate membrane, calculated by means of Eqns. 
2 and 3, were found to decrease in the same manner with increase in the quantity of 
polystyrene owing to decrease in interstitial volume. This shows that these parameters 
depend upon the quantity of polystyrene that has been used for blending. 
The cross-linked clusters of polystyrene may be the reason for this decrease. 
The values are plotted as a function of polystyrene in Figure 3.2A and 3.2B. All the 
investigated membranes of cadmium showed a negligibly small swelling when 
immersed in NaCl solution for 24 h. The narrow pore size distribution of the 
membranes increases the diffusive resistance and will enable a precise control over 
molecular transport. The low orders of water concentration and volume void porosity 
with negligible swelling of the membranes also suggest that interstices are negligible 
and diffusion across the membrane would occur mainly through exchange sites. Ion-
exchange capacity {lEC) indicates the density of ionisable hydrophilic groups in the 
membrane matrix, which are responsible for the ionic conductivity in the ion-
exchange membrane. 
The lEC (mequiv. /g dry memb) values can be evaluated from the quantitative 
analysis of Na* ions by the following equation: 
IEC = ^ ^'''^""Z (4) 
/ drymemb 
where, C , is the concentration of Na^ ions (mmol/cm = mequiv./cm ) of 
Na 
the NaNOa solution, V^ the volume of the solution and W^^^„^ is the weight of dry 
membrane (g). The results of the ion-exchange capacity of different samples of 
cadmium tungstate are represented in Figure 3.2C, which reveals that the ion-
exchange capacity decreases with increase in the weight fraction of non-charged 
polystyrene that is incorporated with cadmium tungstate. This decrease may be 
attributed agmn to tiie cross linked clusters of polystyrene. 
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The ion-exchange capacity values show that cadmium tungstate behaves as a 
weak cation-exchanger. The values of water concentration (WJ"), volume void 
porosity (r„), and lEC for cadmium tungstate nanocomposite membrane are 
somewhat higher than the values of our previous reported work of calcium tungstate 
membrane [20]. 
3.2. SEMy TGA/DTA, FTIR, XRD and spectral analyses 
SEM studies had been carried out to figure out the surface texture, composite 
pore structure, thickness, homogeneity and cracks of the synthesized nanocomposite 
membrane. The electron micrograph image (Figure 3.3) reveals a clear demonstration 
of the surface morphology and the homogeneity in mixing the organic and inorganic 
substrates to get the hybrid i.e. no phase separation and no visible cracks of the 
membrane surface can be observed, suggesting that the synthesized composite films 
are homogeneous in nature and hence form a dense membrane. The membrane is 
macroscopically uniform in thickness and the porous nature of the membrane is 
clearly exposed in the image. The pores that can be modelled as uniform capillaries 
are evenly distributed throughout the surface of the membrane. Entrance and exit 
effects can be ignored since the pore radius is small as compared to the thickness of 
the membrane and it is assumed that the membrane and the adjacent solution are in 
equilibrium. 
The thermal stability of the pure cadmium tungstate as well as the polystyrene 
blended cadmium tungstate nanocomposites was illustrated by their TG-DTA studies 
(Figure 3.4). The TGA curve measured under flowing nitrogen is presented in Figure 
3.4A for representative pure inorganic membrane, which shows no any appreciable 
weight loss except a small continuous weight decay (about 12-15%) up to 400 °C 
which is attributed to the removal of adsorbed water molecules on the surface as well 
as those present in the interstitial sites of the membrane matrices; the corresponding 
endothermic peak is observed in the DTA curves. The TGA curve of the inorganic-
organic nanocomposite (Figure 3.4B), on the other hand, shows a well defined weight 
loss of more than 34% in a temperature range between 380 °C to 450 °C, which 
attributes to the decomposition of the polymer in the hybrid membrane, whereby the 
midpoint of decay is observed at 418 °C. The DTA curve reveals an exothermic peak 
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Figure 3.3: Scanning electron microscopic image of polystyrene blended 
cadmium tungstate nanocomposite membrane. 
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(heat energy releases) at 495.66 °C which may be attributed to the transition of the 
substance to oxide [28].The TG-DTA analyses suggest that cadmium tungstate 
blended with polystyrene results in slightly less thermal stability than the pure 
inorganic substance. 
Figure 3.5 shows the FTIR spectra for pure cadmium tungstate and its 
composite membranes. Negative shift of the composite relative to free polystyrene or 
metal salts has been ascertained from of the bands in the spectra. Bonding 
characteristics of the composites have been ascertained from the FTIR spectral 
analyses. For the pure cadmium tungstate (Figure 3.5A), the absorption band at 
around 1056 cm"' corresponds to the v(0-W-0) stretching mode and the broad 
absorption band between 1568-1628 cm"' is assignable to the stretching mode of 
terminal W=0 [29]. The wide and broad absorption peak near 3471 cm"' may be 
attributed to the v(O-H) stretching mode of the non-bonding water molecules which 
are adsorbed on the surface. 
For the polystyrene blended cadmium tungstate composite membrane, the 
FTIR spectrum is depicted in Figure 3.5B which reveals the shifting of the 
v(O-W-O) stretching mode to 1066 cm"' and a slight increase in the stretching mode 
of terminal W=0 to 1637 cm"'. The resonance and electronic effects possible in the 
tungstate ion and the interaction with the polymer matrix may be the reason for this 
increase. The polystyrene backbone of the composite exhibits characteristic 
frequencies of aromatic ring at 693, 749, 1022, 1359, 1454, 1494 and 3100 cm"' in 
the inorganic-organic hybrid; the stretching bands between 2366 and 2921 cm" are 
attributed to the aliphatic C-H groups and the peak at 3028 cm"' corresponds to the 
aromatic C-H groups which are present in the organic binder. 
The X-ray diffractograms, which can be better explored to provide 
information on crystal morphology, for the pure cadmium tungstate and its 
nanocomposite membranes are shown in Figure 3.6; the presence of sharp peaks 
reveals their crystalline nature. The XRD patterns show a broad peak at 27.6° for pure 
cadmium tungstate crystal (Figure 3.6A) while for the inorganic-organic 
nanocomposite crystal, the broad peak is observed at 30.9° (Figure 3.6B). 
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Figure 3.4: TGA/DTA curves for (A) pure cadmium tungstate and (B) 
polystyrene incorporated cadmium tungstate nanocomposite. 
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It is possible to correlate peak width to the size of crystallographic 
perpendicular planes using the Debye-Scherrer formula: D = 0.9/1 / y9 cos ^ , which 
has been used to calculate the crystallite size (Z)) from the corresponding X-ray 
spectral peak. Here, X is the X-ray wavelength (1.54060x10"'" m) of the incident 
light, p is the full width at half-maximum (FWHM) which is the peak width at half 
of the total peak height of the compound and Q is the peak diffraction angle. 
The average crystal granular size of the pure cadmium tungstate nano-
particles, calculated from the most intense peak using the above equation, was found 
to be 9.14 nm while the crystallite size of the nanocomposite was 26.46 nm. It is also 
graspable from the diffractograms that the crystalline nature of polystyrene blended 
cadmium tungstate is less than that of the pure cadmium tungstate; the result is 
obvious as polystyrene is amorphous in nature [30] which decreases the crystalline 
nature of cadmium tungstate. 
Absorption spectroscopy is an influential non-destructive technique to 
investigate the optical properties of the nano-particles. The optical absorption spectra 
of pure and polystyrene blended cadmium tungstate nano-particles are shown in 
Figure 3.7. The absorbance is expected to depend on several factors, such as band 
gap, surface roughness and impurity centres. 
Absorbance spectra show an ultraviolet cut-off at around 450-600 nm, which 
can be attributed to the photo-excitation of elecfrons from valence band to conduction 
band. In order to calculate the direct band gap we used the Tauc relation: 
or/jL> = .(4(/iu-£g)" where a is the absorption coefficient, A is a constant, AJ = 1/2 
for direct band gap. An extrapolation of the linear region of a plot of {ahvf vs 
hv gives the value of the optical band gap E^. The measured band gap was found to 
be 3.1 eV for pure cadmium tungstate nano-particles, which is less than the value of 
polystyrene incorporated cadmium tungstate (3.4 eV) and this can be attributed to the 
quantum confinement effect of the nano-particles. 
i.i. Membrane potential and electrochemical studies 
The membrane potential values i^„, measured across the polystyrene blended 
cadmium tungstate nanocomposite membrane for different monovalent electrolytes 
such as LiCl, KCl, etc. of unequal concentrations ranging between 1 and 0.007 
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mol/dm^ at 146 MPa, are plotted as a ftmction of-log C, where C = (c, + Cj) / 2 is the 
average concentration with the ratio /(= c-^lc^) fixed at 10 (Figure 3.8). 
The potential difference develops across the membrane due to the tendency of 
oppositely charged ions to move with different mobilities. The quantity of charge 
necessary to generate the potential is small, particularly when dilute solutions are 
used. The charge imparts some significant electrochemical properties to the 
membrane such as the differences in the permeabilities of co-ions, counter ions and 
neutral molecules. The m^nitude of the membrane potential depends on many factors 
like applied pressure at the membrane preparation stage, counter-ion to co-ion 
mobility ratio, exchange characteristics of the membrane material for various cations 
in addition to the nature and concentration of the equilibrating electrolyte solutions 
[31, 32]. It was observed that the cadmium timgstate nanocomposite membrane 
prepared at higher applied pressure exhibited higher membrane potential. The values 
of membrane potential at pressure 166 MPa are also represented in Figure 3.8. 
The results reveal that the potential values follow the order Li^  > NRj^ > K^  > 
Na .^ The higher membrane potential observed in case of LiCl may be due to the fact 
that Li* ions are not thermodynamically favoured in the tungstate membrane phase as 
the Stoke radii of their hydrated cations (2.4 x 10"'° m for Li*) are higher than those 
of other cations such as K* (1.3 x 10~'° m), Na* (1.8 x io~'*^  m), etc. and partially 
hydrated cations transfer in the case of cadmium tungstate membrane and 
permselectivity persists to higher immersion concentrations because the lithium salts 
do not cause Nemst breakdown [33]. 
The membrane potential was observed to increase with time at first; attained a 
maximum value after a certain interval and then fell off slowly. For a concentrated 
solution, the time taken for the attainment of maximum potential was observed to be 
more than that of a dilute solution but it was found to differ with different electrolytes. 
The measurement of ion activity by means of a membrane electrode is most 
successful in the concentration range over which the membrane behaves as ideally 
permselective and obeys the Nemst equation. An ideally permselective membrane is 
the one which allows a negligible permeability for co-ions as compared to that for 
counter-ions. The co-ion transference and the dependence of the exchange of cations 
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between the solution and the membrane phase and on the electrolyte concentration 
[34] is possibly the reason for the deviation. 
The data in Figure 3.8 illustrate that the potential values are found to be 
positive and increase with decrease in concentration of all the tested electrolytes, 
which shows that the membrane is negatively charged i.e. cation selective as cations 
easily pass through the negatively charged cation exchange membrane. The overall 
outcome of the process is that one cell of the pair becomes depleted of ions while the 
adjacent cell becomes enriched in ions, however, the selectivity increases with 
dilution which may be due to the structural alteration produced in the electrical double 
layer at the membrane-solution interface. The increase in selectivity with dilution is 
also supported by the increasing values of the counter-ion transport numbers, t^ 
(Table 3.1). 
But in case of some 2:1 and 3:1 electrolytes, the selective character of ion-
exchange membrane is inverted i.e. anion selective [35]. This change in the selectivity 
of the membrane might have been caused by the adsorption of multivalent ions 
leading to a state where net positive charge is left on the membrane surface making it 
anion selective. 
The influence of penetration of mobile species into the membrane when an 
ionic gradient is maintained by two solutions of an electrolyte of different 
concentrations on both sides of the membrane is greater in case of coimter-ions than 
in the co-ion. The values of the ratio of the molar mobilities of the cation and anion 
'"+/«_' (the mobility ratio (ca) of the membrane) calculated for cadmium tungstate 
nanocomposite membrane are also represented in Table 3.1. The values of o) in the 
membrane phase were found to be increasing with dilution for all the monovalent 
electrolytes used. The high mobility is attributed to higher transport number of 
comparatively free cations as compared to the anion (CF ion) of the electrolytes. 
When a slightly charged membrane is imposed between two solutions of an 
electrolyte of unequal concentrations ci and C2 (C2>ci) with the effective concentration 
of ion-exchange site of the membrane is much lower than electrolyte concentration 
(Q, the following equation was derived for the potential developed across the 
membrane [15, 32]: 
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Figure 3.8: Membrane potentials, i//^ against -log C across cadmium tungstate 
nanocomposite membrane equilibrated with various monovalent electrolytes at 
different applied pressures 146 MPa (-) and 166 MPa (- -). 
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V^„=iRT/F) (2C -1) In r + ^ ^^LJI (1 _ ^ ^ y- LL 
r ^1J 
(5) 
where X^^ is the membrane fixed charge concentration and t" is the counter-ion 
transport number in the membrane phase. Eqn. (5) represents a linear relationship 
between y/^ and 1/ci (Figure 3.9A) which allows the evaluation of Xj^ and t^ 
values of the nanocomposite membrane from the slope and intercept for different 
electrolytes. The values are shown in Table 3.2. The /" values are found to be 
proportional to the values of X^ i.e. both are found to increase with decrease in 
electrolyte concentration. The results show that the counter-ion transport numbers 
follow the order Li^  > NUt^  > K^  > Na^  in the tungstate membrane. The calculated 
values also reveal that the nanocomposite membrane exhibits moderate selectivity 
towards all cations and that for the same concentration, the selectivity of the 
investigated tungstate membrane is comparatively more towards Li* ions as 
selectivity is proportional to counter-ion transport number, as suggested by the values 
given in the table. 
The fixed charge density of the membrane can also be calculated by another 
widely accepted approach derived by Tasaka et a/ [16] who suggested the following 
relation: 
RT. Y .M. 1 ... 
-H^n,=-^i-^)(^)- (6) 
F Y-\ 2 c, 
Here, (jX is the effective fixed charge density of the negatively charged membrane. 
Eqn. 6 indicates that the plot of if/^ against 1/ci will be linear. The plot shown in 
Figure 3.9A has been used but with a different slope equal to -—( -)(—-) from 
F y-\ 2 
which the values of ^ for different electrolytes have been evaluated. The calculated 
values are also represented in Table 3.2. 
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Table 3.1: Calculated values of transport number (t^) and mobility ratio (o)) of 
the cadmium tungstate nanocomposite membrane from the measured membrane 
potential values with various monovalent electrolytes at different concentrations 
with cj/ci = 10 at an applied pressure 146 MPa at 25 ± 1 °C. 
1 JLMCiyOCTii 
NH4CI 
KCl 
NaCl 
LiCl 
1 
0.7 
0.5 
0.25 
0.1 
0.07 
1 
0.7 
0.5 
0.25 
0.1 
0.07 
1 
0.7 
0.5 
0.25 
0.1 
0.07 
1 
0.7 
0.5 
0.25 
0.1 
0.07 
0.639 
0.648 
0.669 
0.713 
0.832 
0.882 
0.626 
0.635 
0.652 
0.695 
0.804 
0.858 
0.615 
0.624 
0.650 
0.682 
0.782 
0.834 
0.641 
0.654 
0.678 
0.735 
0.843 
0.897 
• • • ^ • • • • • l 
1.77 
1.84 
2.03 
2.48 ! 
4.96 
7.50 1 
• 
1.67 
1.74 
1.87 i 
2.28 
4.10 
6.06 
i 
1.60 
1.66 i 
1.86 
2.15 ! 
3.59 
5.04 
1.79 
1.89 
2.11 
2.77 
5.38 
8.76 
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Figure 3.9: Plots for: (A) potential values, ^„ and(B)l/t_^pp against 1/c, of 
polystyrene blended cadmium tungstate nanocomposite membrane for different 
salt electrolytes. 
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In the same above experimental condition, it was also shown that the inverse of the 
apparent transport number of the anion, t_^pp in a high salt concentration range could 
be expressed by the following equation [17-19, 36]: 
1 _ 1 ^ ajy-X) ^gS) (7) 
^-an. l - « {\-a)y\ny c, 
-app 
Here, a is the ratio of molar mobility of cation to the sum of molar mobilities of 
cation and anion, 0X^ is the effective fixed charge density of the membranes under 
investigation and ci (in mol/dm^) the concentration of the monovalent electrolyte in 
the lower concentration side of the cell. 
The apparent transport number of the anion t^^^ is defined by the Nemst 
equation: y/„ =(^r/F)(l-2r___p)ln—. Eqn. (7) shows that the values of a and 
c 
'-I 
0X^ can be evaluated from the values of intercept ( ) and slope 
Qr(r-l) 
(1 - a)y In y (^ ^ \ / <9X,) fi-om the linear plot of 1//.^ ^^ against 1/c, (Figure 3.9B). The 
calculated values of the fixed charge densities 9X^ of the polystyrene blended 
cadmium tungstate composite membrane are also given in Table 3.2 which unveils the 
order LiCl > NH4CI > KCl > NaCl. 
The term, permselectivity Ps is defined as a measure of preferential 
permeation of counter-ions inside the membrane as compared to solution (outside the 
membrane); and ion selectivity of an ion-exchange membrane can also be expressed 
as a function of it. Applying approach proposed by Helfferich [37], permselectivity 
has been evaluated by the following equation:?^ ={t" -t^)l{\-tj where ?" and t^ 
are the true transport numbers of the counter-ion in the membrane and solution 
respectively. The permselectivity arises because of the nature of the membrane for 
inequity between counter-ions and co-ions. Such type of discrimination arises as a 
result of the nature and magnitude of the charge, the so-called concentration of fixed 
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Table 3.2: Comparison of the values of the effective fixed chaise densities, 
calculated from different methods, of the cadmium tungstate nanocomposite 
membrane in contact with different electrolytes with their counter-ion transport 
number, /f in the membrane phase. 
Electrolyte 
Xf « 
(^ e 
eX® 
ex # 
'+ * 
NH4CI 
0.0208 
0.0158 
0.1174 
0.1277 
0.6246 
® from the slope of Kigure 3.9A with Eqn 
KCI 
0.0192 
0.0148 
0.0690 
0.0813 
0.6151 
NaCI 
0.0177 
0.0137 
0.0508 
0.0631 
0.6083 
(5). © from the slope of Kigure 
LiCI 
0.0213 
0.0160 
0.1246 
0.1497 
0.6356 
3.9A with Eqn. (6). 
! from the slope of Kigure 3.9B with Eqn. (7) # from the value of log C of Kigure 3.10, 
* with the intercept of Kigure 3.9/\ and Eqn. (5). 
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Figure 3.10: Permselectivity (Pg) against log C for polystyrene blended cadmium 
tungstate membrane with different monovalent electrolyte salts. 
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charge on membrane surface {Xj) that is associated with the membrane matrix. Xf can 
2CP be expressed in terms of permselectivity, P, by the relation: X. = ' [38]. 
The calculated values of Ps are plotted against log C of the polystyrene 
blended cadmium tungstate membrane in contact with various monovalent 
electrolytes (Figure 3.10). The decline in permselectivity values with the increase in 
electrolyte concentration may be due to the reduction of the Donnan exclusion. It was 
also suggested that the fixed charge density of a membrane could be calculated from 
the data of permselectivity [39]. The mass fixed transference number of anion r_ in 
the membrane is given by the equation: 
, = l . , _ ^ ^ i ± L _ (8) 
V4^'+l+(2a- l ) 
C " 
where 4 = ^= and a ex u^ + u_ 
Here, the product dX is termed as the thermodynamically effective fixed charge 
density of the membrane. 
It was observed that the difference between r_ and t_^pp was less than 2% in a 
wide concentration range when the average concentration (ci+C2)/2 was replaced by C 
as suggested in literature [18]. So Eqn. (8) can be rearranged after replacing r_ 
hy t_^pp in the following form: 
1 ^-t-app-oi 
^Ps (9) V4^'+l cc-Cla-\){\-t_,J 
Here, P^ is the permselectivity of the membrane-electrolyte system the value of which 
can also be calculated from the membrane potential data by inserting the values of a 
andr_^  . Eqn. (9) indicates that if P^ = 1, then the transport number of the co-ions 
it-app) is zero i.e. the membrane is perfectly selective; while if Ps = 0, then 
t_^ = 1 - a i.e., anions behave as in the bulk solution or as in a membrane having no 
fixed charge. 
104 
It is evident from the left hand side of equation that when C becomes equal 
to OX, Pj attains the value of 1 /A/S or 0.447. The value of C corresponding to which 
Ps = 0.447 will give the value of the fixed charge density (0X). The values of the 
fixed charge densities calculated from the plots of P^ against log C (Figure 3.10) for 
various cadmium tungstate membrane-electrolyte systems are also included in 7 ablt 
3.2. The results fiimish information that the fixed charge density is highest ibr LiCl 
and lowest for NaCl for the same electrolytic concentration, indicating that the 
polystyrene blended cadmium tungstate nanocomposite membrane shows highest 
selectivity towards Li^  ions. The same result has also been explained in terms of 
counter-ion transport numbers. 
4. Conclusion 
The relatively high chemical as well as mechanical stability of polystyrene blended 
cadmium tungstate nanocomposite membrane in water renders this material potentially useful 
for electrochemical purposes. The nanocomposite membrane prepared with 25% polystyrene 
give best reproducible results and hence can be a potential and better candidate than 
many conventional membranes which degrade under harsh conditions often 
encountered in various industrial applications. 
The physicochemical properties (water content and volume void porosity) of 
cadmium tungstate nanocomposite membrane are found to be ccmiparatively higher 
than other previously reported works [20,21] and decrease with increase in the 
percentage of polystyrene. The inorganic-organic composite membrane behaves as a 
weak cation-exchanger and its exchange capacity decreases abruptly with increasing 
amount of polystyrene. 
The counter-ion transport numbers, permselectivity and effective fixed charge 
densities are found to be in the order LiCl > NH4CI > KCl > NaCl for the same 
electrolytic concentration indicating that cadmium tungstate membrane is more 
cation-selective towards Li^  ions. As the porosity is higher than that of calcium 
tungstate membrane, cadmiimi tungstate membrane shows higher potential [20]. 
Moreover, the values of fixed charge densities calculated by different methods lable 
3.2) are found to be in close agreement. Characterization by TG-DTA, SEM, FTIR, 
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and X-ray analyses revealed an adequate thennal and mechanical stability as well as 
the morphological structure of the nanocomposite membrane, which is essential for 
thermally stable cation-exchange membranes. 
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CM APT en H 
A comparative study of the electrochemical and 
physicochemical behavior of polystyrene blended 
nickel tungstate and nickel carbonate membranes 
1. Introduction 
Membrane systems and technologies are now accessible in numerous different 
forms and sizes, each uniquely fitting a particular need and application. This 
expeditious growth of membrane technologies in an assortment of industries may be 
attributed to their significantly lower energy consumption, lower eco-environmental 
impact factors, better desirable outcome, higher final product quality, etc. by offering 
the prospect of successfiil reformation of industrial output, water desalination systems 
and waste water treatments, which are consistent with the indispensable requirements 
of a process amplification approach [1-3]. 
Inorganic-organic hybrid membranes are increasingly important due to their 
remarkable properties within a single molecular composite, which arise from the 
synergy between the properties of the components [4]. These composite membranes 
are characterised by the presence of a certain amount of organic polymer within an 
inorganic solid that serves as the matrix component. Unlike pure organic polymers or 
inorganic materials, the comparatively optimum thermal, mechanical, electrical and 
magnetic stabilities of these hybrids have made them advantageous for usefiil 
envkoimiental applications as well as in many industries such as food, 
pharmaceutical, electronic, etc. [5-10]. In these hybrid materials, the inorganic 
components impart the potential for high carrier mobility, selectivity for some 
particular types of metal ions, a range of magnetic and dielectric properties and 
thermal and mechanical stabilities while the organic components provide structural 
flexibility, tuneable electronic properties, photoconductivity, efficient luminescence 
and the potential for semiconducting and even metallic behavior [11]. New and 
enhanced phenomena also arise, in addition to the synergistic properties, as a result of 
the interface between the organic and inorganic components [12]. 
It was, therefore, thought worthwhile to synthesize new and potential 
inorganic-organic nanocomposite membranes having superior properties over the 
conventional membranes. The present article reports the synthesis, characterization 
and electrochemical studies of polystyrene blended timgstate and carbonate 
nanocomposite membranes of nickel and utilization of the electrical potentials 
observed across them in calculating the effective fixed charge density, which is 
considered as one of the most effective parameters controlling the membrane 
phenomena, by means of various methods that are based on thermodynamics of 
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irreversible processes [13-15]. The transport number, mobility ratio and 
permselectivity of the membranes have been evaluated. Furthermore, the dependence 
of the amount of the organic polymer, which is blended with the inorganic 
component, on membrane properties such as porosity, water content and ion-exchange 
capacity has also been figured out. 
2. Experimental Section 
2.1. Chemicals and preparation of membranes 
All the reagents used were of analytical grade. Double-distilled water (water 
purification systems, integrate; with reverse osmosis (RO) conductivity 0-200 |j,s/cm) 
was used for the preparation of all solutions. Nickel chloride (97% purity), sodium 
chloride, potassium chloride and polystyrene were obtained from E. Merck (India) 
Limited. Sodium tungstate (96% purity), sodium carbonate (99.5% purity) and 
ammonium chloride were procured from BDH and LiCl from Loba-Chemie 
Indoaustranal Co. (India). The working solutions of the electrolytes (KCl, NaCl, LiCl 
and NH4CI) of the required concentrations were prepared by appropriately diluting 
their stock solutions. Green coloured tungstate and carbonate precipitates of nickel 
were prepared by mixing 0.2M nickel (II) chloride with 0.2M solutions of sodium 
tungstate and sodium carbonate respectively by sol-gel process as described in our 
earlier reported work [16]. 
2.2. Chemical Stability 
ASTM D543-95 method [17] was used to test the chemical stability of the 
inorganic-organic nanocomposite membranes. The membranes were exposed to a 
number of media commonly utilized such as H2SO4, NaOH, K2Cr207, HNO3, etc. The 
membranes were scrutinized after certain intervals of time, analyzing variation in 
color, texture, splits, holes, bubbles, brightness, decomposition, curving and 
stickiness. 
2.3. Measurement of potential 
The freshly prepared membranes were cemented in a Pyrex glass tube cell 
having two compartments in which a saturated calomel elecfrode was placed for 
measuring the membrane potential; electrochemical cells of the type shown in Figure 
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Figure 4.1: Schematic diagram depicting measurement of membrane potential. 
112 
4.1 were constructed. The monovalent electrolyte solutions of concentrations ci and C2 
were filled into the respective compartments of the cell (as shown above) and were 
vigorously stirred with a magnetic stirrer in order to minimize the effects of boundary 
layers on the membrane potential. The experiment was carried out at normal pressure 
and room temperature. 
2.4. Membrane characterization 
Scanning Electron Microscope (LEO, 435 VP) was used to record the electron 
micrographs of the nickel compounds at different magnifications. Gold sputter 
coatings were carried out on the desired membrane samples at pressures ranging 
between 1 and 0.1 Pa. Samples were loaded in the machine, which was operated at 
10" -^10"^ Pa with EHT 15.00 kV with 300 V collector bias. 
The degradation process and the thermal stability of the pure inorganic as well as 
inorganic-organic nanocomposite membranes were scrutinized using thermal 
gravimetric analysis and differential thermal analysis (TG-DTA) (Shimdzu DTG-
60H, Japan), operating under a nitrogen atmosphere with a heating rate of 10 °C/min 
fi'om 25 to 800 °C. The initial amount of the samples taken was in the range 4-7 mg. 
Infrared (IR) spectra of different cation-exchange polystyrene mixed nickel 
compounds were recorded on a Fourier Transform-IR Spectrometer (FTIR) from 
Perkin Elmer (1730, USA) using KBr disc method at room temperature. 
The crystallographic investigation of the nickel composites was done with a 
Rigaku Miniflex X-ray diffiractometer, employing a monochromatic X-ray beam with 
nickel-filtered Cu Ka radiation. The diffraction angle was set at between 20° and 80°. 
The crystallite size of the inorganic-organic nanocomposite is determined from 
corresponding X-ray spectral peak. 
2.5. Ion-exchange capacity, water content, porosity and swelling 
Ion-exchange capacity was determined by column (0.5 cm, internal diameter) 
operation. The ion-exchangers (with different amounts of polystyrene), in the H^ 
form, were placed in different columns with glass wool support; and a solution of 
sodium nitrate (0.1 M) was used as the eluent. The flow rate was maintained at 1.0 
mL min~'. The H^ ions content of the effluent was then determined by titrating against 
a standard solution of 0.1 M sodium hydroxide. The method suggested by Mizutani et 
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a/ [18] as well as in other literature [19], which had been used in our published work 
[16], was utilized to calculate water content, porosity and swelling of the 
nanocomposite membranes. 
3. Results and discussion 
3.1. Synthesis of membrane and chemical stability 
In our membrane formation process using a cost-effective sol-gel method in 
acidic medium, deionised water was used as the solvent. The temperature of water 
coagulation bath was thermally controlled at 80 °C to reduce synthesis condition 
variation. Our effort has been to get the membranes of adequate chemical, thermal 
and mechanical stability. So, in order to acquire such membranes, the selection of 
binder is also of enormous significant. The low cost and easily available polystyrene 
is found to be an appropriate binder, as its cross-linked rigid framework provides 
adequate adhesion to the nickel tungstate and carbonate which accounts for the 
mechanical stability to the membrane over other binders like polyvinyl chloride 
(PVC), cellulose acetate, etc. 
Therefore, tungstate and carbonate membranes of nickel blended with 
polystyrene result in optimal thermal and mechanical stabilities provided by the 
inorganic part and furnish good flexibility provided by the organic component i.e. 
polystyrene supported nickel tungstate and nickel carbonate nanocomposite 
membranes can be a potential and better candidate than many conventional 
membranes which degrade under harsh conditions frequently encountered in various 
industrial settings. 
Furthermore, they appear to be efficient and cost-effective material having 
solvent resistance and thermal resistance characteristics. However, the optimum 
quantity of polystyrene, to be blended with the inorganic compounds for the 
physicochemical and electrochemical studies of the membranes, was determined by 
trial. The membranes with 25% organic binder were found to be quite stable and were 
only used for the transport studies. It had been also observed that with the increase in 
the amount of polystyrene exceeding 25%, the fragility of the membranes increased 
i.e. stability decreased. 
The synthesized inorganic-organic nanocomposite membranes were also 
tested for chemical resistance in acidic, alkaline and strong oxidant media. In acidic (1 
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M H2SO4) and alkaline (1 M NaOH) media, few considerable changes were observed 
after 24, 48, and 168 h, indicating that the membrane is effective in such media. In 
strong oxidant media such as K2Cr207, however, the synthesized membranes became 
fragile after 48 h, losing its mechanical resistance. 
3.2. SEM, FTIR, XRD and thermal degradation studies 
The homogeneity, thickness, cracks and surface texture of the prepared 
inorganic-organic composite membranes have been investigated by SEM and XRD 
studies for determining membrane morphology. The SEM images of nickel carbonate 
and tungstate compounds are shown in Figure 4.2. The electron micrographs clearly 
show the total coverage of the substrates and a clear demonstration of the surface 
morphology. 
The homogeneity in mixing the organic and inorganic substrates is clearly 
seen in the images of nickel tungstate (Figure 4.2A) and carbonate (Figure 4.2B) 
membranes. Membrane surface thickness of the two composites is approximated to 10 
pm as observed in the images. The cross-sectional SEM image of nickel carbonate 
membrane, having a thickness of 10 ^mi, shown in Figure 4.2C, evidently indicates 
the polycrystalline nature of the composite membrane. It can be seen from the 
micrographs that the membranes have random non-preferential orientation with no 
visible cracks and appear to be composed of dense and loose aggregation of small 
particles. 
The porous nature of the membranes is also clearly demonstrated in the 
images. The pores are consistently disseminated all through the surface of the 
membranes. Entrance and exit effects are disregarded as the membrane thickness is 
large compared to the pore radius but it is assumed that the membrane and electrolyte 
solutions are in equilibrium. The distributions of charge density and mobile species 
within the pores are also assumed to be uniform. 
The X-Ray diffractograms for the nickel composites are depicted in Figure 
4.3. The absence of sharp peaks in case of nickel tungstate (Figure 4.3A) and their 
presence in case of nickel carbonate (Figure 4.3B) reveal their amorphous and 
crystalline nature, respectively, as supported by SEM micrographs. The XRD patterns 
of nickel carbonate composite crystal show broad peaks at 37-3°, 43-5° and 77". 
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Figure 4.2: Surface SEM images of polystyrene blended (A) nickel tungstate and 
(B) nickel carbonate membranes, (C) Cross-sectional SEM image of polystyrene 
based nickel carbonate membrane. 
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Figure 4.3: X-Ray diffractograms for polystyrene supported (A) nickel tungstate 
and (B) nickel carbonate membranes. 
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The crystallite size (£>) of the NiCOs nano-crystals was calculated by using 
Debye-Scherrer formula: D = 0.9i//? cos ^ , where A is the X-ray wavelength 
(1.54060 A°), p is the full width at half-maximum (FWHM) of the compound for the 
most intense peak and 6 is the diffraction angle. The average grain size of the nickel 
carbonate nano-particles, calculated on the basis of the full width at half-maximum 
(FWHM) of the most intense peak, was found to be 2408 nm. The amorphous nickel 
tungstate also starts exhibiting polycrystalline nature if it is subjected to annealing at 
higher temperature (450°C) [20]. 
The membranes are further characterized by Fourier transformed infrared 
(FTIR) spectroscopy (Figure 4.4). Bonding characteristics of the composites have 
been ascertained from the spectral analyses. Most of the bands show relatively 
negative shift in the spectra of the composites as compared to free polystyrene or 
metal salts. 
The polystyrene backbone of the composites exhibits characteristic 
frequencies of aromatic ring at 697 and 761 cm* in case of nickel carbonate (Figure 
4.4A), while in case of nickel tungstate (Figure 4.4B), the corresponding frequencies 
are observed at 749 and 836 cm"' regions. A large and broad peak at frequency of 848 
cm' is attributed to the v(O-C-O) stretching mode while 1645 cm' corresponds to 
the stretching mode of C=0 for the carbonate nanocomposite membrane while for the 
tungstate composite, the corresponding frequencies are 693.9 and 1455 cm' for the 
v(O-W-O) stretching mode and the terminal W=0 stretching mode respectively. The 
large number of bands between 2919 and 3024 cm"' (in both cases) corresponds to the 
aromatic-H stretching absorption modes present in polystyrene. 
The pure inorganic compounds as well as their composites were subjected to 
TG-DTA studies to analyse their thermal stability; the combined TGA/DTA curves 
are depicted in Figure 4.5. The TGA curves show a small continuous weight decay 
(about 10-12 % in case of nickel tungstate (Figure 4.5A and 4.5B) and 14-20% in 
case of nickel carbonate (Figure 4.5C) and 4.5D) up to around 220°C, which is 
attributed to the removal of adsorbed water molecules on the surface as well as those 
present in the interstitial sites of the membrane matrices, the corresponding 
endothermic peaks are observed in the DTA curves. 
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Figure 4.4: FTIR spectra of polystyrene blended (A) nickel carbonate and (B) 
nickel tungstate composites. 
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Figure 4.5: TGA/DTA curves for (A) pure nickel tungstate, (B) polystyrene 
based nickel tungstate, (C) pure nickel carbonate and (D) polystyrene blended 
nickel carbonate composites. 
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In case of the polystyrene blended nickel tungstate composite (Figure 4.5B), a 
total weight loss of more than 25% is observed in the temperature range 350-480°C, 
that attributes to the decomposition of polystyrene in the composite membrane, 
whereby the midpoint of decay is observed at 449.75°C corresponding to which an 
endothermic peak is observed at 459.32°C in the DTA curve. The pure nickel 
carbonate shows a similar behaviour as that of the pure nickel tungstate i.e. no 
substantial weight decay is observed (Figure 4.5C). 
However, a significant change is observed in case of polystyrene incorporated 
nickel carbonate composite with a weight loss of 40.25% in between 320 to 420°C 
(TGA curve) with a strong exothermic peak at 411.7°C (DTA curve) (Figure 4.5D). 
There is a color change observed at higher temperature from green to grey. The 
exothermic peak and color change suggest that there may be a strong interaction 
between polystyrene and nickel carbonate releasing heat. In other cases, no such 
change was observed. Furthermore, the horizontal lines in all cases indicate the 
transformation of the materials into oxides at temperature higher than 420°C. 
Further analyses suggest that the organic component furnishes good flexibility 
and mechanical stability while the inorganic part provides thermal stabilities to the 
synthesized inorganic-organic composite membranes. 
3.3. Physicochemical properties 
The quantity of the polystyrene that has been used for blending has a 
considerable effect on the physicochemical properties of the inorganic membranes. 
They are depicted in Figure 4.6. Ion-exchange capacity indicates the densit> of 
ionisable hydrophilic groups in the membrane matrix, which are responsible for the 
ionic conductivity in the ion-exchange membrane. The result (Figure 4.6A) of the 
ion-exchange capacity (in meq/g) of different samples of nickel tungstate and nickel 
carbonate reveals that the ion-exchange capacity decreases with increase in the 
amount of the polystyrene that is blended with the nickel compounds. For 25% 
polystyrene, the values of ion-exchange capacity are calculated to be 1.56 and 1.26 
meq/g for nickel tungstate and nickel carbonate respectively indicating that they are 
moderately good cation-exchangers. The tungstate membrane is comparatively a 
better cation-exchanger than the carbonate membrane which is supported by the 
values of their water content and porosity values. 
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% of polystyrene 
Figure 4.6: Plots of (A) ion-exchange capacity (meq/g), (B) water content and (C) 
porosity of the nanocomposites as a function of the amount of polymer. 
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The water content in terms of water concentration, W^ (in mol/dm ) and 
volume void porosity, r„^  calculated are represented in Figure 4.6B and 4.6(' 
respectively, but they are found to decrease with increase in the binder ratio owing to 
the decrease in interstitial volume which may be further attributed to the occupancy of 
the interstitial sites by the polymer molecules. Water uptake is found to be less in the 
case of the crystalline nickel carbonate membrane in comparison to nickel tungstate 
membrane which is amorphous in nature since crystalline forms require more energy 
to leave the lattice sites during dissolution. The nature (amorphous and crystalline) of 
the two nickel compounds was already confirmed by X-Ray studies. The porosity of 
NiW04 has been found to be more than that of l^iCOs. 
The decrease in the water uptake by the membranes with increase in the 
amount of the polystyrene is due to the reduction in the porosity of the membranes, as 
indicated by the values depicted in Figure 4.6. Both membranes of nickel showed a 
negligibly small swelling when immersed in sodium chloride solution for 24 h. 
The values of water content and porosity for the timgstate and carbonate 
membranes are found to be a little bit higher than the corresponding values of our 
reported calcium tungstate membrane [16]. The amorphous nature of nickel tungstate 
membrane may be the reason for its higher values over calcium tungstate membrane 
which was found to be crystalline in nature. However, these values are lower than 
those of other reported work [19]. The narrow pore size distribution of the membranes 
increases the diffusive resistance and will enable a precise control over molecular 
transport. The low water content and porosity with negligible swelling of the 
membranes suggest that the interstices are negligible and the diffusion across the 
membrane may occur mainly through exchange sites. 
3.4. Membrane potential 
When a membrane is separated by monovalent electrolytes of unequal 
concentrations, an electrical potential difference develops across the membrane which 
is caused by the tendency of oppositely charged ions to move with different 
mobilities. The magnitude of the membrane potential depends on various factors, 
namely applied pressure at the membrane preparation stage, adsorption of anions (co-
ions) of the diffusing electrolyte on the membrane surface, exchangeabilit>' of the 
cations and diffiision potential across the membrane besides the nature and 
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concentration of the electrolyte solutions used. For a fixed C2/C1 (==0.5/0.05), the 
dependence of potential values of the two nickel nanocomposite membranes, for KCl 
electrolyte, on the applied pressure is depicted in Figure 4.7A, which clearly indicates 
that the membrane prepared at higher pressure exhibits higher potential. The charge, 
developed on the membrane surface caused by the diffusion of ions passing through 
it, plays an important role in the absorption and transport of simple electrolytes in 
natural and artificial membranes [21] besides imparting some important 
electrochemical properties to the membrane; the most important being the differences 
in the permeabilities of co-ions, counter ions and neutral molecules. The quantity of 
charge required to generate the potential is small, especially when dilute solutions are 
used. 
The comparative values of membrane potentials observed across tungstate and 
carbonate membranes of nickel in contact with various 1:1 electrolytes are given in 
Table 4.1 A. The membrane potential values for the tungstate membrane were found to 
be in the order Li^  > NH/ > K^  > Na* while for the carbonate membrane the order for 
potential is K^ > Na^ > Li^ . The membrane potential i//^ data obtained with tungstate 
and carbonate membranes of nickel using various uni-univalent electrolytes are 
plotted as a function of-log C, where C= (Cj +c2)/2 is the average concentration 
with the ratio /(= Cj /c,) fixed at 10 (Figure 4.7B). It has also been observed that the 
carbonate membrane shows higher potential than the tungstate membrane at the same 
electrolytic environment. This is because the porosity of the former is less than that of 
the latter because of which less diffusion takes place in the carbonate membrane that 
consequently increases the membrane potential. However, potential developed across 
calcium tungstate membrane [16] is lower than that of nickel tungstate membrane, the 
reason again being the high porosity of the latter. 
It has been observed that the membrane potential increases with time up to a 
certain maximum value before the downslide starts, as also reported by other workers 
[22]. The time taken for the attainment of maximum potential is found to be 
concentration dependent, more time being required for concentrated solution, and it 
differs with different electrolytes. 
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Figure 4.7: Plots showing (A) dependence of applied pressure on membrane 
potential for KCI at cj/ci (=0.5/0.05) and (B) potential y/„ against -log C of 
nickel tungstate (-) and nickel carbonate (- -) composite membranes for different 
electrolytes. 
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Table 4.1 A: Comparative values of observed membrane potential {y/„) ± 0.5/mV 
across nickel tungstate and nickel carbonate (values in brackets) nanocomposite 
membranes in contact with various 1:1 electrolytes and their calculated values of 
r and CO at difTerent concentrations at 25 ± 1 °C. 
M Electrolyte 
^ _ 
NaCI 
LiCl 
NH4CI 
^ w • 
C2/C1 (mol/dm^ 
1 1/0.1 
1 0.7/0.07 
0.5/0.05 
0.25/0.025 
0.1/0.01 
0.07/0.007 
1/0.1 
0.7/0.07 
0.5/0.05 
0.25/0.025 
0.1/0.01 
0.07/0.007 
1/0.1 
0.7/0.07 
0.5/0.05 
0.25/0.025 
0.1/0.01 
0.07/0.007 
1/0.1 
0.7/0.07 
0.5/0.05 
0.25/0.025 
0.1/0.01 
1 0.07/0.007 
y^„(mV) 
12.3 (20.5) 
14.6(21.6) 
15.9(23.6) 
20.0 (29.3) 
29.3 (42.6) 
^ A A / A /" y \ 
34.4 (46.6) 
11.8(19.0) 
14.1(21.1) 
14.9(23.1) 
18.7(26.7) 
27.5 (39.3) 
32.9 (44.2) 
16.4(18.0) 
18.7(20.0) 
21.1 (22.6) 
25.4 (26.4) 
35.2 (37.5) 
39.5(43.1) 
14.4 
16.4 
18.5 
21.6 
32.3 
38.0 
K 
0.604 (0.674) 
0.624 (0.682) 
0.635 (0.700) 
0.669 (0.748) 
0.748 (0.861) 
0.791 (0.895) 
0.600(0.661) 
0.619(0.678) 
0.626 (0.695) 
0.659 (0.726) 
0.732 (0.832) 
0.778 (0.874) 
0.639 (0.652) 
0.659 (0.669) 
0.678 (0.691) 
0.713(0.724) 
0.798 (0.817) 
0.834 (0.865) 
0.622 
0.639 
0.656 
0.682 
0.774 
0.821 
6) 
1.53 (2.07) 
1.66(2.15) 
1.74(2.33) 
2.03 (2.96) 
2.96(6.17) 
3.79(8.55) 
1.50(1.95) 
1.63(2.11) 
1.67(2.28) 
1.93(2.65) 
2.74 (4.96) 
3.51 (6.91) 
1.77(1.87) 
1.93(2.03) 
2.11(2.24) 
2.48 (2.62) 
3.94 (4.47) 
5.04 (6.40) 
1.64 
1.77 
1.91 
2.15 
3.42 
4.60 
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The results in Table 4.1A suggest that the membranes are cation selective i.e. 
negatively charged as the potential values (positive value) increase with decrease in 
the concentration of the monovalent electrolytes. Furthermore, the selectivity 
increases vvith the decrease in concentration, which may be due to the structural 
changes produced in the electrical double layer at the solution-membrane interface. 
The increase in selectivity with dilution is also supported by the increasing 
values of the counter-ion transport numbers, t^ (Table 4.1 A). However, in case of 
some 2.T and 3.1 electrolytes, the selective character of ion-exchange membrane was 
found to be just reverse i.e. anion selective [23,24]. This behavior in the selectivity of 
the membrane might have been caused due to the adsorption of muhivalent ions 
leading to a stage where net positive charge is left on the membrane surface making it 
anion selective. 
The influence, when an ionic gradient is maintained by using two solutions of 
different concentrations, is greater in case of counter-ions than in the co-ions.The ratio 
of the molar mobilities of the cation and anion ' w+ / M_ ' is defined as the mobility 
ratio (ft)) of the membrane. The values of the mobility ratio calculated for nickel 
tungstate and nickel carbonate nanocomposite membranes are also represented in 
Table 4.1 A. The values of a in both the two nickel membrane phases were found to 
be increasing with decrease in concentration for all the 1:1 electrolytes used. The high 
mobility is credited to higher transport number of comparatively free cations as 
compared to the anion (CF) of the electrolyte salts. 
3.5. Fixed charged density, transport number andpermselectivity 
When a negatively charged membrane is imposed between two solutions of an 
electrolyte of unequal concentrations ci and C2 (C2>ci), the inverse of the apparent 
transport number of anion in a high salt concentration range is given by [13-14, 25]: 
^-aoa l - « {\-a)y\ny c, 
-app 
Here, a is the ratio of molar mobility of cation to the sum of molar mobilities of 
cation and anion, 9X^ is the effective fixed charge density of the membranes under 
investigation and cj (in mol/dm) being the concentration of the monovalent 
electrolyte in the lower concentration side of the cell. Eqn. (1) indicates that the 
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values of a and 9X^ can be evaluated by using the values of intercept (:; ) and 
\-a 
slope ( ^^^~ ' eX^) from the linear plot of 1// against 1/c, which is shown (1 - d)y In X 
in Figure 4.8A. 
The calculated values of the fixed charge densities of the polystyrene 
supported nickel tungstate and nickel carbonate composite membranes are given in 
Table 4.IB. The apparent transport number of the co-ion r_^ ^^  has been calculated 
from the measured potential by using the following relation, 
i//„ =^iRT/F)(\-2t )\n— [26]. The fixed charge density of the polystyrene 
^1 
blended nickel tungstate nanocomposite membrane under different electrolytic 
environments is in the order LiCl > NH4CI > KCl > NaCl, while for the carbonate 
membrane, the order is KCl > NaCl > LiCl. These orders are found to be same as 
those of the potential values for the two membranes. 
Another approach suggested by Tasaka et al [15] has also been employed to 
calculate the fixed charge density of the composite membranes. The following 
equation is used: 
RT^ Y ^JX^\ 
F y-\ 2 c, 
Here, j^iATis the effective fixed charged density of a membrane separated by two 
solutions of a 1:1 electrolyte of unequal concentrations and / = C2/c^ is fixed at 10. 
Eqn. (2) indicates that the plot of i//„ vs 1/c, will be linear (Figure 4.8B). The values 
of (jiX that have been calculated from the slope equal to — ( — ^ ) ( — ) are also 
F y-\ 2 
included in Table 4.1B. 
For the evaluation of the transport number of the counter-ion in the membrane 
phase, the following approach has been applied. When the effective concentration of 
ion-exchange site of the membrane is much lower than electrolyte concentration (Q, 
the dependence of membrane potential, ^^„on the electrolyte concentration is 
represented by the following equation [27]: 
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y^n,={RTiF) (2C -l)lnr + ^ ^^^( l -C)C — ; ci<C2 (3) 
Here, t'^ is the counter-ion transport number and X is the concentration of fixed 
charge in the naembrane phase. Eqn. (3) also predicts a linear plot between y/„ and 
1/c, with the help of which the values of t"^ and X can be calculated from intercept 
and slope (Figure 4.8B). 
The values of the counter-ion transport number and fixed charge concentration 
X of the membranes calculated by this approach are also given in Table 4,1B. The /" 
values are found to be proportional to the values of X i.e. they change in the same 
fashion. The results show that the counter-ion transport numbers follow the order Li* 
> NH4* > K* > Na* in the tungstate membrane and the order is K* > Na^ > Li* for the 
carbonate membrane. The calculated values also reveal that for the same type of 
electrolytic environment, the cation selectivity is more in nickel carbonate 
nanocomposite membrane as compared to the tungstate membrane as selectivity is 
proportional to counter-ion transport number. 
Furthermore, both the nickel nanocomposite membranes exhibit moderate 
selectivity of cations in all the electrolytes tested, as suggested by the values given in 
Table 4.IB. Ion selectivity of ion-exchange membrane can also be expressed as a 
function of permselectivity, Ps which is a measure of preferential permeation of 
counter-ions inside the membrane as compared to solution (outside the membrane). 
Applying approaches proposed by Helfferich and other researchers [28, 29], 
permselectivity has been calculated by the following equation: 
^ ' - / ( l - z A ) ^^ ^ 
Here, /" and t^ are the true transport numbers of the counter-ion in the membrane 
and solution respectively and z^ its charge. The permselectivity arises because of the 
nature of the membrane for inequity between counter-ions and co-ions. Such type of 
discrimination emerges as a resuh of the nature and magnitude of the charge, the so-
called concentration of fixed charge on membrane surface {X), that is associated with 
the membrane matrix. X can be expressed in terms of permselectivity, Ps by the 
following equation [30]: 
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ICP / 
^= /l 7 (5) 
The calculated values of Pj are plotted against log C of the two polystyrene 
blended nickel membranes in contact with various uni-univalent electrolytes (Figure 
4.8C), The decline in permselectivity values with the increase in electrolyte 
concentration may be due to the reduction of the Donnan exclusion. Moreover, the 
transport numbers and permselectivity are proportional to the concentration of fixed 
functional group for the membranes and for different electrolytes. 
It was also suggested that the permselectivity data could be used to evaluate 
the fixed charge density of a membrane [31]. The mass fixed transference number of 
anion r_ in the membrane is given by the equation: 
T_ =\-a~, " (6) 
V4^ '+l+(2a- l ) 
C " 
where ^ = —=r and a = 9X u^ + u_ 
Here, the product OX is termed as the thermodynamically effective fixed charge 
density of the membrane. It was observed that the difference between r_ and l_^pp 
was less than 2% in a wide concentration range when the average concentration 
(ci+C2)/2 was replaced by C [14]. So, replacing r_ by/.^ ^ ,^ Eqn. (6) can be rearranged 
in the following form: 
• - ' - « - ' - « - - , . ; . , (7) 
-app V4#' + l l - a - ( l - 2 a X , 
Here, Ps is the permselectivity of the membrane-electrolyte system the value of which 
can also be calculated from the membrane potential data. Eqn. (7) indicates that iiPs-
1, then the transport number of the co-ions {t_app) is zero i.e. the membrane is 
perfectly selective; while MPs = 0, then t^^^^ = 1 - a i.e., anions behave as in the bulk 
solution or as in a membrane having no fixed charge. It is evident fi-om the left hand 
side of Eqn. (7) that when C becomes equal Xo6X, Ps attains the value of 1/V5 or 
0.447. The value of C corresponding to which Ps = 0.447 will give the value of the 
fixed charge density, ^X. 
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Figure 4.8: Linear Plots of (A) \lt_^ vs 1/c, (dm /^mol), (B) iif^ (mV) against 
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monovalent salt electrolytes. 
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Table 4.IB: Comparison of the values of the effective fixed charge densities, 
calculated from different methods, and /f (counter-ion transport number) of the 
two polystyrene biended nickel composite membranes in contact with different 
monovalent electrolytes. 
Composite 
Membranes 
Electrolytes 
1 
"x.xlO^ 9 
[Eqn. (1)]' a 
6XxlO^ U 
[Eqn. (2)]* 1 
0Xx\o^ m 
(Eqn. (7)J» • 
ZxlO^ fl 
[Eqn. (3)1® 9 
c 1 
^^^^^B 1^ 1 
^^wiiOi^iop^mgu^TS^ 
NH4C 
^H 1 
• 3.91 
• 1.21 
H 5.04 
• 1.58 
• 0.619 
I ^  
Nickel tungstate 
KCl 
2.94 
1.10 
4.08 
1.42 
0.604 
3 
NaCl 
2.71 
1.06 
3.69 
1.36 
0.598 
6 
LiCl 
3.96 
1.19 
5.19 
1.60 
0.642 
1 
Nickel carbonate M 
KCl 
9.38 
1.44 
10.79 
2.00 
0.665 
5 
• with the slope ot Higure 4.8(B) 
NaCl 
5.96 
1.33 
7.68 
1.83 
0.657 
9 
LiCl 
5.67 
1.30 
6.88 
1.76 
0.651 
2 
) from the value of log C of Figure 4.8((:) ! with the slope of Figure 4.8(B) 
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The values of the fixed charge densities calculated from the plots of Ps gainst 
log C (Figure 4.8C) for various nickel membrane-electrolyte systems are also 
incorporated in Table 4.IB, The data show that the fixed charge density is higher in 
nickel carbonate nanocomposite membrane than in the corresponding tungstate 
membrane for the same type of electrolytic surrounding, indicating that the 
polystyrene blended carbonate membrane is more cation selective than the tungstate 
membrane, which has also been explained in terms of counter-ion transport numbers. 
4. Conclusion: 
The percentage of the organic binder to be incorporated with the inorganic 
compounds does give some effect on the physicochemical properties of the 
membranes which were found to be very stable in water and different electrolyte 
media for a long time. But with increase in the amoimt of polystyrene (> 35%), the 
membranes become less stable i.e. become more fi*agile. These nanocomposite 
membranes possessing moderate water uptake and lEC values and good 
permselectivity with no significant effect on thermal and mechanical stability offer a 
new dimension for the preparation of inorganic-organic hybrid membranes, in which 
the membrane porosity and density of fimctional groups could be controlled by the 
organic content and can be used in depth filter & surface-cake filter. 
The membranes prepared at higher pressure exhibit higher potential as well as 
fixed charge density. The potential values are found to be more in the carbonate 
membrane than in the tungstate membrane which in turn has less potential than the 
reported values of calcium tungstate membrane [16] as their porosity values are in the 
order NiW04 > CaW04 > NiCOa. The thermodynamically effective fixed charge 
densities are foimd to be in the order LiCl > NH4CI > KCl > NaCl for nickel tungstate 
membrane while the order is KCl > NaCl > LiCl for nickel carbonate membrane. 
For the same electrolyte environment, the counter-ion transport numbers, 
permselectivity and effective fixed charge density are found to be higher in the nickel 
carbonate composite membrane than in the nickel tungstate membrane indicating that 
the tungstate membrane is less cation selective than the carbonate membrane. 
Furthermore, the values of the fixed charge densities of each of the two polystyrene 
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blended nickel nanocomposite membranes evaluated by various methods were found 
to be close to each other [Table 4.IB], proving the applicability of the derived 
relationships to the membrane systems. The nickel tungstate composite is amorphous 
in nature while the carbonate composite of nickel is found to be crystalline in nature 
for which the nano-crystal size was estimated to be 24.08 nm. 
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Conclusions: 
The polystyrene blended inorganic composite membranes that have been 
described in Chapters 2, 3 and 4 are all chemically, mechanically and thermally stable; 
they do not show any dispersion in water and some other electrolyte solutions. Among 
many possible binders, polystyrene has been chosen as it provides a sufficient adhesion to 
the synthesized membranes because of its cross linked rigid framework. 
An extensive characterization of the synthesized membranes by SEM studies 
reveals the surface morphological texture i.e. homogeneity, pore structure, thickness and 
crack free surfaces. TG-DTA studies outline the comparatively higher thermal stability of 
the timgstate membranes (Nickel tungstate, calcium tungstate and cadmium tungstate) 
than the nickel carbonate membrane. X-ray diffractograms show crystalline nature of 
calcium tungstate, cadmium tungstate and nickel carbonate while nickel tungstate is 
amorphous in nature. The presence of polystyrene and functional groups such W04^", 
COs^ ", etc. in the synthesized hybrid membranes are confirmed by FTIR spectra. 
Physicochemical studies reveal that water content and volume void porosity of 
calcium tungstate membrane are found to be lower than those of cadmium tungstate 
membrane while nickel tungstate is found to be more porous than nickel caibonate 
membrane. Combining the four studies, the water content and volume void porosity 
values are in the order: NiW04 > CaW04 > NiCOs > CdW04. The ion-exchange 
capacities of the four membranes are also found to be in the same order but these three 
parameters decrease with increase in the percentage of polystyrene. 
The membrane potentials of the four composite membranes were measured with 
various monovalent electrolytic solutions (KCl, NaCl, NH4CI and LiCl) using saturated 
calomel electrodes (SCEs). For the same electrolytic environment and concentration, the 
membrane potentials follow the order CdW04 > NiCOs > CaW04 > NiW04. But if we 
change the electrolytes keeping the membrane unchanged, the membrane show different 
membrane potential values at different concentrations. For all the three tungstate 
membranes, the order of membrane potential is LiCl > NH4CI > KCl > NaCl while the 
nickel carbonate membrane follows the order KCl > NaCl > LiCl. 
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The membrane potential values are dependent on many factors among which 
pressure applied at the preparation stage is one of the most important parameters. The 
inorganic-organic hybrid membranes exhibited higher membrane potential at higher 
applied pressure. Another important parameter is the concentration of the monovalent 
electrolytes used. It was found experimentally that the values of the membrane potential 
increases with decrease in electrolyte concentration. 
The effective fixed charge density, which is the central parameter governing 
transport phenomenon and depends upon the composition, applied pressures and 
preferential adsorption of ions of electrolyte used on membrane surface, has been 
calculated from the measured membrane potential values and found to follow the order 
CdW04 > NiC03 > CaW04 > NiW04. These values have been evaluated by different 
methods proposed by different research groups such as Kobatake et. al., Nagasawa et. al. 
etc. In addition to the determination of the membrane charge density, other important 
parameters such as permselectivity, counter-ion transport number and mobility ratio are 
also calculated and found to follow the same order as above. 
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